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Abstract 
Biodegradable plastics, either natural or synthetic polymers, can be made from 
renewable or petrochemical raw materials. The most common applications for 
biodegradable plastics are packaging materials and waste collection bags. Other 
applications include catering products, wrappings, food containers, laminated 
paper, golf tees, hygiene products and agricultural applications. The one thing in 
common for all these biodegradable items is that at the end of their life cycle they 
should degrade into harmless end products, during a specified time frame. De-
pending on the target application and excluding medical applications, the degrada-
tion may take place in soil, in water, in an anaerobic digestion plant or in compost. 
In addition to its use as a waste treatment process for biodegradable plastics, 
composting can be used in the removal of organic contaminants from sewage 
sludge. Due to mixed contamination present in soil, in compost, or in sewage 
sludge the environmental impact of biodegradable materials is difficult to assess 
based only on concentrations of chemical constituents. Therefore, biotests are 
needed for detecting potential risks derived from the use of biodegradable materi-
als in environmental applications.  
In this study the biodegradation properties of bioplastics targeted for agricultural 
and compost applications were investigated. In addition, the potential of biotests 
were evaluated in ecotoxicity assessment of biodegradable plastics and their 
components during the biodegradation process in vermiculite, compost and soil. 
Acute toxicity of polymer components and degradation products was screened 
with a kinetic luminescent bacteria test (ISO 21338), and possible hazardous 
compounds could be identified and further studied. During the biodegradation of 
chain-linked lactic acid polymers and polyurethane-based plastic material in con-
trolled composting conditions the release of toxic degradation products could be 
demonstrated by biotests. Clear toxic responses in the luminescent bacteria test 
and/or plant growth test (OECD 208) were observed. The fate of an endocrine 
disrupting plasticizer, diethyl phthalate (DEP) was also studied in a controlled 
composting test, in pilot composting scale and in plant growth media. A high con-
centration of DEP induced changes in the microbial community, gave a clear re-
sponse in the biotest and its degradation was inhibited. However, in pilot scale 
composting toxicity was not detected and the degradation of DEP was efficient. 
The studied starch-based biodegradable mulching films showed good product 
performance, good crop quality and high yield in protected strawberry cultivation. 
4Furthermore, no negative effects on the soil environment, Enchytraeidae repro-
duction (ISO 16387) or amoA gene diversity were detected.  
Biotests were also used to study compost quality during sewage sludge com-
posting. If sewage sludge is used as a soil conditioner, many harmful substances 
can potentially end up in the environment. In our study, composting reduced effi-
ciently the amount of organic contaminants such as DEHP, PAH, LAS, and NPs in 
sewage sludge. In addition, composting resulted in reduction in acute toxicity, 
genotoxicity and endocrine-disruption potential of the sewage sludge. The use of 
biotests is recommended as an indicator of potential risk when sewage sludge-
based products are used in agricultural or landscaping applications.  
Potentials and also limitations were recognized in the performances of different 
biotests when studying the ecotoxicity of biodegradable materials during biodeg-
radation processes in compost and in soil environment. With biotests it was possi-
ble to identify potential hazardous polymer components or degradation products 
that might be released to the environment during the degradation. In addition, the 
biotest could be used to monitor the detoxification of sewage sludge during the 
composting process. However, soil, compost and sludge as testing environments 
do set limitations for the use of biotests. Colour, amounts of nutrients, additional 
carbon sources, presence of bark and peat, compost immaturity, and high micro-
bial activity are some of the factors limiting the use of biotests or complicate inter-
pretation of the results. 
Keywords biodegradable plastic, sewage sludge, biotest, ecotoxicity, acute toxicity, 
phytotoxicity, bioreporter, organic contaminant, soil, compost, biodegrada-
tion 
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Tiivistelmä 
Biohajoavat muovit voivat koostua luonnonpolymeeristä tai synteettisistä polymee-
reistä, joita valmistetaan joko uudistuvista tai uusiutumattomista raaka-aineista 
kuten petrokemikaaleista. Yleisimpiä biohajoavista muoveista valmistettuja tuottei-
ta ovat pakkausmateriaalit ja jätepussit. Tämän lisäksi biohajoavia muoveja voi-
daan käyttää raaka-aineena hyvin erilaisissa sovelluksissa, joita ovat esimerkiksi 
aterimet, käärepaperit, säilytysrasiat, laminoitu paperi, golf-tii, hygieniatuotteet ja 
erilaiset sovellukset maatalouskäyttöön. Kaikkien näiden biohajoavien tuotteiden 
tulee käyttöikänsä jälkeen hajota haitattomiksi lopputuotteiksi. Biohajoamisen tulisi 
tapahtua tietyn ajan sisällä käyttöympäristön tai käytetyn jätteenkäsittelyteknologi-
an asettamien vaatimusten mukaisesti. Sovelluskohteen ja käyttötarkoituksen 
mukaan hajoaminen voi tapahtua joko maassa, vedessä, anaerobiprosessissa tai 
kompostissa, jos ei lueta mukaan lääketieteen sovelluksia, joissa hajoaminen voi 
tapahtua myös ihmisen kehossa. Useat biohajoavista muoveista on suunniteltu 
täyttämään kompostoituville materiaaleille asetetut vaatimukset. Kompostointia 
hyödynnetään yleisesti myös jätevesilietteiden käsittelyssä. Kompostoinnilla on 
mahdollista alentaa lietteen sisältämien orgaanisten haitta-aineiden pitoisuuksia ja 
näin parantaa lietteen hyötykäyttömahdollisuuksia. Biohajoavat materiaalit sekä 
niiden biohajoamisympäristöt, kuten komposti, jätevesiliete tai maaperä, voivat 
sisältää monia erilaisia haitallisia yhdisteitä, joten ympäristövaikutuksien arviointi 
ainoastaan kemiallisen analytiikan perusteella on haastavaa. Biohajoavien materi-
aalien käytön aiheuttamien ympäristöriskien arvioinnissa onkin suositeltavaa hyö-
dyntää kemiallisten analyysien rinnalla biotestejä. 
Tässä työssä tutkitut kompostoituvat ja maatalouskäyttöön tarkoitetut biohajoa-
vat muovit biohajosivat tavoitteiden mukaisesti suhteessa käyttötarkoituksen aset-
tamiin vaatimuksiin. Materiaalien biohajoavuusominaisuuksien lisäksi tarkasteltiin 
myös biotestien mahdollisuuksia biohajoavien muovien ja niiden komponenttien 
ympäristömyrkyllisyyden arvioinnissa biohajoavuusprosessin aikana sekä kom-
postissa, maaperässä että vermikuliitissa. Tutkittujen polymeerien komponenttien 
ja hajoamistuotteiden joukosta seulottiin mahdollisesti ympäristölle haitalliset yh-
disteet kineettisellä valobakteeritestillä (ISO 21338) ja haitallisiksi tunnistettujen 
yhdisteiden ympäristövaikutuksia tarkasteltiin tutkimuksessa yksityiskohtaisemmin. 
Tutkimuksessa osoitettiin, että maitohappopohjaisten polymeerien ja polyure-
taanipohjaisten biomuovien biohajoamisen aikana ympäristöön voi vapautua ym-
päristölle haitallisia yhdisteitä. Haittavaikutukset voitiin osoittaa sekä kineettisellä 
valobakteeritestillä että kasvitestillä (OECD 208). Tämän lisäksi tutkittiin muovin 
6pehmittimenä käytetyn ja hormonin kaltaisesti vaikuttavan dietyyliftalaatin (DEP) 
käyttäytymistä laboratorio- ja pilot-mittakaavan kompostiprosessissa sekä kom-
postista valmistetussa kasvualustassa. Laboratoriomittakaavan kokeissa korkeat 
DEP-pitoisuudet aiheuttivat muutoksia kompostikasvualustan mikrobidiversiteetis-
sä, vaikuttivat kasvien kasvuun ja mikrobien toimintaan alentaen yhdisteen bioha-
joavuutta. Pilot-mittakaavan kompostointiolosuhteissa DEP hajosi tehokkaasti, 
eikä haittavaikutuksia havaittu biotesteillä. Tutkitut tärkkelyspohjaiset biohajoavat 
katekalvot toimivat hyvin kenttäolosuhteissa, materiaali oli kestävää eikä alentanut 
tuotetun mansikkasadon laatua tai määrää. Käytön jälkeen peltomaahan kynnetyn 
katekalvon hajoaminen kesti noin vuoden. Katekalvon hajoamisella ei havaittu 
olevan vaikutusta maaperän laatuun, kun maan laatua tarkasteltiin Enchytraeidae-
jälkeläisten määrän (ISO 16387) ja amoA-geenin diversiteetin avulla. 
Lietteen sisältämiä orgaanisia haitta-aineita voi päätyä ympäristöön, kun jäte-
vesilietettä käytetään maanparannusaineena. Haitta-aineiden pitoisuuksia voidaan 
vähentää kompostoimalla. Pilot-mittakaavan kompostikokeessa tutkittavan jäteve-
silietteen sisältämät orgaaniset haitta-aineet, kuten DEHP, PAH, LAS ja NP, hajo-
sivat tehokkaasti. Biotesteillä osoitettiin että kompostointi vähensi myös lietteen 
akuuttia myrkyllisyyttä, genotoksisuutta sekä hormonin kaltaisesti vaikuttavien 
yhdisteiden määrää lietteessä. Tämän tutkimuksen perusteella biotestien käyttöä 
voidaan suositella maatalouskäyttöön tai viherrakentamiseen tarkoitettujen jäteve-
silietteiden laadun tarkkailussa.  
Biotesteillä voitiin osoittaa tutkittujen polymeerien ympäristölle haitalliset kom-
ponentit, niiden vapautuminen ympäristöön ja haitallisten hajoamistuotteiden syn-
tyminen biohajoavuusprosessin aikana. Lisäksi kompostoinnin vaikutus kunnalli-
sen jätevesilietteen laatuun osoitettiin biotesteillä. Tutkimuksessa havaittin myös, 
että biohajoavat materiaalit sekä komposti ja maaperä testiympäristöinä asettavat 
biotesteille suuria haasteita. Maaperä, komposti tai liete testiympäristöinä rajoitti-
vat biotestien hyödyntämismahdollisuuksia ja vähensivät hyödynnettyjen testien 
herkkyyttä. Tutkittavien näytteiden väri, orgaaninen hiili, kuorike, turve, kompostin 
kypsyysaste ja korkea mikrobiaktiivisuus ovat niitä tekijöitä, jotka vaikuttavat bio-
testien toimintaan ja tekevät biotestien tulosten tulkinnan haastavaksi.  
Avainsanat biodegradable plastic, sewage sludge, biotest, ecotoxicity, acute toxicity, 
phytotoxicity, bioreporter, organic contaminant, soil, compost, biodegrada-
tion 
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1. Introduction 
1.1 Biodegradable plastics 
In 2009, annual plastics production was 230 million tons globally, of which about 60 mil-
lion tons was produced in Europe. Polyethylene was the most abundant of the produced 
plastics. The share of bioplastics, including both bio-based plastics and biodegradable 
plastics, was only 0.1–0.2 per cent of the total amount of plastics produced in EU. How-
ever, the market share of bioplastics is increasing rapidly (Mudgal et al. 2011; Barker and 
Safford 2009).  
Bioplastics can be either bio-based plastics derived from renewable resources and not 
necessary biodegradable, or biodegradable plastics that do meet the standards for bio-
degradability and compostability. Bio-based plastics can be made of natural polymers 
from renewable sources, polymers synthesised from monomers derived from renewable 
sources or polymers produced by microorganisms (Anonymous 2011; Mudgal et al. 
2011). Biodegradable plastics can be divided into natural or synthetic polymers depend-
ing on the origin of their components from renewable or from petrochemical sources. 
Examples of biodegradable polymers are listed in Table 1. Many types of biodegradable 
polymers are already on the market and new materials are under development (Di Franco 
et al. 2004; Cho et al. 2011). Biodegradable products already on the market include 
packaging and catering products, wrappings, egg cartons, razor handles, toys, food con-
tainers, film wrapping, laminated paper, agricultural applications (mulching films, low 
tunnel films, seed film, planting pots), disposable non-wovens (engineered fabrics), golf 
tees and hygiene products (diaper back sheets, cotton swabs) (Gross and Kalra 2002; 
Barker and Safford 2009; Mudgal et al. 2011; Rudnik 2008). For example degradable 
polyesters are produced through chain linking for bulk applications such as packaging, 
agricultural and biomedical applications (Seppälä et al. 2004). In the EU, however, bio-
plastics are mainly used in packaging, loose fill packaging and waste collection bags 
(Mudgal et al. 2011). In addition, composite materials including natural fibers combined 
with biodegradable polymers are under development (Di Franco et al. 2004; Finkenstadt 
and Tisserat 2010).  
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1.1.1 Environmental fate of biodegradable plastics  
Drivers favouring bioplastics production and consumption over conventional plastics are 
reduced landfill capacity, pressure from retailers, consumer demand, legislation-based 
concern over fossil-fuel dependence and greenhouse gas emissions, reduction in the 
environmental impact associated with disposal of oil-based polymers and decrease in 
plastic waste production by novel design of plastics and increased use of bioplastics 
(Mudgal et al. 2011; Song et al. 2009). Key considerations in biodegradable plastics pro-
duction are availability of farming land for cultivation of feed stock for biopolymer produc-
tion, competition with food crop production, possibilities for alternative feed stocks such 
as side streams from industry and algal biomass, and amount of renewable energy need-
ed for their manufacturing (Anonymous 2011; Mudgal et al. 2011). It has been stated that 
life cycle analysis (LCA) assessment of the environmental impact of bioplastics and rede-
signed plastics should focus more on end-of-life analysis (Anonymous 2011). For exam-
ple, greenhouse gas emissions during the degradation phase of biodegradable plastics 
have been criticized. However, CO2 emission at the end of life of bioplastics is balanced 
during plant growth (Mudgal et al. 2011). The ideal closed life cycle of biodegradable 
plastics in presented in Figure 1.  
Figure 1. Idealized closed life cycle for biodegradable plastics (Based on Anonymous 
2011).
Increasing production and utilization of biodegradable polymers creates pressure for 
acquiring knowledge on suitable disposal options for biodegradable polymer wastes (Cho 
et al. 2011). Landfill directive (1999/31/EC) includes targets for e.g. reduction of the 
amount of biodegradable waste in landfills, and promoting recycling and composting. This 
also applies to the recycling/composting and disposal of biodegradable polymers. In addi-
tion, Thematic Strategy on the Prevention and Recycling of Waste in EU (COM [2005] 
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666) focuses on prevention of waste production and reducing the environmental impact. 
Use of biodegradable polymers instead of conventional plastics may reduce the costs of 
waste management and the risk of accumulation of plastic materials in the environment. 
Most essential is that suitable waste treatment options and collection systems are availa-
ble for different types of materials (Favoino 2005).  
Disposal options for bioplastics after their use include anaerobic digestion, compost-
ing, gasification, incineration, landfilling, mechanical biological treatment, pyrolysis, 
waste-to-energy approach and recycling (Barker and Safford 2009; Mudgal et al. 2011). 
In some cases biodegradable plastics may be recycled to monomers or oligomers after 
use (Siotto et al. 2011). In addition, in agricultural applications biodegradable polymers 
can be degraded in soil. The actual degradation rate of biodegradable plastics under 
different environmental conditions, especially when present in large quantities, has been 
discussed and is becoming a concern due to lack of data (Cho et al. 2011). Biodegrada-
tion properties of biodegradable polymers in a particular environment determine the pos-
sible applications and suitability of different disposal technologies for managing biode-
gradable polymer waste.  
Plastics contain additives to enhance their performance. Additives can be inorganic 
fillers to strengthen the plastic material, thermal stabilizers to improve processability at 
high temperatures, plasticizers to give flexibility, fire retardants, and UV stabilizers to 
hinder degradation when exposed to sunlight (Andrady and Neal 2009). Millions of tonnes 
of plasticizers are incorporated into conventional and biodegradable plastics every year. 
Today, plasticizers such as phthalates are found in many mass-produced products includ-
ing medical devices, food packages, perfumes, cosmetics, children’s toys, flooring mate-
rials, computers, CDs, etc. Currently plasticizers are ubiquitous in the environment. For 
example the fact that phthalates, which are not classified as persistent, can be found 
widely in the environment argues against their rapid biodegradation in the environment 
(Fromme et al. 2002; Staples et al. 1997b; Horn et al. 2004; Oehlmann et al. 2009). 
1.1.2 Biodegradation  
Materials can be defined as biodegradable if they fulfill the criteria for biodegradability set 
in standardization organizations such as ISO, ASTM, DIN or OECD. A (non-exclusive) 
overview of standard tests for biodegradability assessment of biodegradable plastics in 
aquatic, soil and compost environments is presented in Table 2. Bio/degradability can be 
defined in several different ways. The definition for biodegradability and compostability of 
polymeric materials in the context of the European packaging regulation is described in 
Table 3. Biodegradability criteria require that the organic carbon of the material should 
decompose to harmless end products during a specified time frame set in standards 
(Itävaara and Vikman 1996).  
Biodegradability of a polymer is affected by the structure of the polymer and by prevail-
ing environmental conditions. Environmental conditions affecting degradation rate include 
e.g. temperature, moisture, amount of oxygen, acidity, and number and diversity of mi-
crobes (Briassoulis 2007; Kyrikou and Briassoulis 2007). Biodegradable polymers can be 
degraded by microorganisms such as bacteria, fungi, and algae (Gross and Kalra 2002; 
Müller 2005a; van der Zee 2005; Cho et al. 2011; Luckachan and Pillai 2011). In the 
environment polymer degradation is often a combination of chemical and biological hy-
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drolysis. In addition, the polymer chain can be broken down by photo degradation or 
wearing due to environmental stress. Final degradation products of biodegradable plas-
tics are water, CO2, CH4, humic substances, biomass and other natural substances.  
Table 2. Standards for biodegradability assessment of biodegradable plastics in aquatic, 
soil and compost environments. 
Environ-
ment 
Standard for biodegradability assessment 
Aquatic ISO 14852:1999 Determination of the ultimate aerobic biodegradability 
of plastic materials in an aqueous medium – Method 
by analysis of evolved carbon dioxide  
ISO 14851:1999 Determination of the ultimate aerobic biodegradability 
of plastic materials in an aqueous medium – Method 
by measuring the oxygen demand in a closed respi-
rometer 
ISO 14853:2005 Plastics – Determination of the ultimate anaerobic 
biodegradation of plastic materials in an aqueous 
system – Method by measurement of biogas produc-
tion 
EN 14047:2003 Packaging. Determination of the ultimate aerobic 
biodegradability of packaging materials in an aqueous 
medium. Method by analysis of evolved carbon  
dioxide 
EN 14048:2003 Packaging. Determination of the ultimate aerobic 
biodegradability of packaging materials in an aqueous 
medium. Method by measuring the oxygen demand in 
a closed respirometer 
ASTM D6691-01 Standard Test Method for Determining Aerobic Bio-
degradation of Plastic Materials in the Marine Envi-
ronment by a Defined Microbial Consortium 
Compost ISO 14855-1: 
2005
Determination of the ultimate aerobic biodegradability of 
plastic materials under controlled composting condi-
tions – Method by analysis of evolved carbon dioxide  
EN 14046:2003 Packaging. Evaluation of the ultimate aerobic biodegra-
dability of packaging materials under controlled com-
posting conditions. Method by analysis of released 
carbon dioxide 
EN 14045:2003 Packaging. Evaluation of the disintegration of packag-
ing materials in practical oriented tests under defined 
composting conditions 
EN 14806:2005 Packaging. Preliminary evaluation of the disintegration 
of packaging materials under simulated composting 
conditions in a laboratory scale test 
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Environ-
ment 
Standard for biodegradability assessment 
ASTM D5338-98 Standard Test Method for Determining Aerobic Biodeg-
radation of Plastic Materials Under Controlled Compost-
ing Conditions 
ASTM D5929-96 Standard Test Method for Determining Biodegradability 
of Materials Exposed to Municipal Solid Waste Com-
posting Conditions by Compost Respirometry 
ASTM D5951-96 Standard Practice for Preparing Residual Solids Ob-
tained After Biodegradability Standard Methods for 
Plastics in Solid Waste for Toxicity and Compost  
Quality Testing 
ASTM D6340-98 Standard Test Methods for Determining Aerobic Bio-
degradation of Radiolabeled Plastic Materials in an 
Aqueous or Compost Environment  
Soil ISO 17556:2003 Plastics – Determination of the ultimate aerobic biodeg-
radability in soil by measuring the oxygen demand in a 
respirometer or the amount of carbon dioxide evolved 
ASTM D5988-96 Standard Test Method for Determining Aerobic Biodeg-
radation in Soil of Plastic Materials or Residual Plastic 
Materials After Composting 
Sewage 
sludge 
ASTM D5210-92 Standard Test Method for Determining the Anaerobic 
Biodegradation of Plastic Materials in the Presence of 
Municipal Sewage Sludge 
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Table 3. Definitions for biodegradability and compostability of packaging materials (EN 
13193; Pagga 1998; Müller 2005a). 
Target function Definition 
Degradation Irreversible process leading to a significant change in the 
structure of a material, typically characterized by a loss of 
properties (e.g. integrity, molecular weight or structure, me-
chanical strength) and/or fragmentation. Degradation is af-
fected by environmental conditions, proceeds over a period 
of time and may involve one or more steps 
Degradable A material is called degradable in specific environmental 
conditions if it undergoes degradation to a specified extent 
within a given time measured by specific standard test meth-
ods.
Biodegradation Degradation caused by biological activity, especially by en-
zymatic action, leading to a significant change in the chemi-
cal structure of a material. 
Inherent biodegradability The potential of a material to be biodegraded, established 
under laboratory conditions. 
Ultimate biodegradability The breakdown of an organic chemical compound by micro-
organisms in the presence of oxygen to carbon dioxide, water 
and mineral salts of any other elements present (mineraliza-
tion) and new biomass or in the absence of oxygen to carbon 
dioxide, methane, mineral salts and new biomass. 
Compostability Compostability is the potential of a packaging to be biode-
graded in a composting process. In order to claim composta-
bility it must have been demonstrated by standard methods 
that a packaging can be biodegraded in a composting sys-
tem. The end product must meet the relevant compost quality 
criteria. 
Polymer surface plays an important role in the degradability of polymers. Both hydrophilic 
nature and crystallinity of the polymer influence its degradation behaviour and accessibil-
ity of the polymer surface. Semicrystalline nature of a polymer limits the accessibility and 
restricts the degradation in the amorphous region of the polymer, although highly crystal-
line starch and bacterial polyester have been reported to hydrolyse rapidly (van der Zee 
1997). Important chemical properties affecting degradation are chemical linkages in the 
polymer backbone, position and activity of the pendant groups and chemical activity of 
end-groups of the polymer chain (van der Zee 1997). Furthermore, chemical hydrolysis 
may be affected by the type of copolymer composition, temperature and pH (van der Zee 
2005; Luckachan and Pillai 2011).  
In the environment, biodegradation is always accompanied by abiotic degradation. 
Hakkarainen (2002) discussed the degradation of polylactide, polycaprolactone, poly(3-
hydroxybutyrate) and their copolymers in different abiotic and biotic environments. For 
example the molecular weight of PLA and PLA oligomers was decreased initially by abiot-
ic hydrolysis. However, after the initial abiotic hydrolysis PLA degraded faster in biotic 
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medium than in abiotic medium. In their study, there were also differences detected in 
biotic and abiotic degradation products. Temperatures higher than glass transition tem-
perature increase the flexibility and water adsorption of PLA polymer matrix. In addition, 
chemical hydrolysis and the attachment of enzymes and microbes is improved (Itävaara 
et al. 2002a).  
Biodegradation processes have been found to occur more slowly in real life conditions, 
and therefore the real environmental fate of materials should also be studied. For exam-
ple, criteria for compostability include in addition to the biodegradability test, a disintegra-
tion test of the material in composting conditions followed by phytotoxicity test of the end 
product (EN 13432; EN 14995; Venelampi et al. 2003). Field tests have many limitations 
when biodegradability of polymers is studied. Weather conditions such as temperature 
and rainfall may vary locally and geographically during the experiments, resulting in high 
variation in results. Therefore controlled laboratory tests measuring intrinsic biodegrada-
bility and simulating natural environments are also needed (Müller 2005b).  
1.1.2.1 Biodegradable plastics in compost 
Composting of solid waste is commonly considered as a suitable treatment method for 
green waste from gardens or biowaste from kitchens. In addition, many materials such as 
waste from the food industry, packaging materials made from paper, cardboard and 
wood, and biodegradable plastics of natural origin or synthesized, are suitable for com-
posting when not recyclable in other ways (Bastioli 1998; Kapanen and Itävaara 2001; 
Pagga 1997; Degli-Innocenti and Bastioli 1997). Basic requirements for compostability 
are biodegradation, disintegration and compost quality (De Wilde 2005) (Table 4). DIN 
54900 (1998), EN 13432 (2000) and EN 14995 (2006) include the requirement that intro-
duction of man-made polymers into the organic waste recovery must not influence nega-
tively the quality of the final product. Quality criteria for compost after degradation of bio-
degradable material include an ecotoxicity test with two plant species in EN 13432 (2000) 
and EN 14995 (2006), or in DIN 54900 (1998) ecotoxicity with summer barley. According 
to EN13432 (2000) and EN 14995 (2006), ecotoxicity of biodegradable plastics should be 
tested after three months of composting. Concentration of the material in compost sam-
pled for ecotoxicity assessment should be very high, 10% of the total wet weight of the 
organic waste to be composted.  
PLA, PHB, TPS, cellulose, chitosan, proteins, aliphatic polyesters and copolyesters 
(e.g. PBS and PBSA), aromatic copolyesters (e.g. PBAT), PCL, PEA, and PVA are ex-
amples of compostable polymers (Rudnik 2008). Temperature is the main factor affecting 
the biodegradation behaviour of PLA during composting (Itävaara et al. 2002a; Kunioka et 
al. 2006; Kale et al. 2007a). Itävaara et al. (2002a) studied biodegradability of poly-L-
lactide in bench scale composting reactors in which the maximum temperature increased 
over 70 ºC. Thermophilic conditions accelerated the biodegradation of PLLA probably due 
to enhanced hydrolysis followed by enhanced biodegradation. Kale et al. (2007a) ob-
served some residues of PLA bottles after 30 days of composting with maximum temper-
ature over 60 ºC, but deli containers made of PLA were fully degraded. According to 
Rutkowska et al. (2001), degradation of PHB and PHBV in compost takes about 4 to 5 
weeks. In addition, thermoplastic starch and different starch blends are widely targeted 
for applications in which one of the waste treatment options is composting (Vikman et al. 
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1995; Degli Innocenti et al. 1998). The degradability of PBSA, PCL, PEA and PBAT is 
high, between 90% and 100% (Rudnik 2008; Eldsäter 2000; Yang et al. 2005). Zhao et al. 
(2005) reported that PBS in powder form degraded at best 72% in 90 days of composting. 
Starch–polyester blend (Bionolle) was totally mineralized in a compost environment dur-
ing 45 days (Jayasekara et al. 2003). Biodegradability of paper products in composting 
has been demonstrated to be affected by the lignin content and process temperature. 
There was a strong correlation between lignin content and biodegradability at a tempera-
ture of 58°C. High lignin content reduced the biodegradation of paper products (Vikman 
et al. 2002). Furthermore materials with high lignin content, such as mechanical pulp (27 
wt% lignin), degraded better in lower temperatures of 35°C and 50°C than at the tem-
perature of 58°C required by the European standard EN 14046.  
Table 4. Standards related to composting of biodegradable plastics (Rudnik 2008; De 
Wilde 2005). 
Standard Biodegradation Disintegration Safety 
EN 13432:2000  
Packaging –  
Requirements for packaging 
recoverable through com-
posting and biodegradation – 
Test scheme and evaluation 
criteria for the final ac-
ceptance of packaging 
Biodegradation should 
be 90% of the degra-
dation of a positive 
control within six 
months
10% residues larger 
than 2 mm allowed 
Limit for heavy metals. 
Physical/chemical  
analysis. 
Ecotoxicity assessment 
includes plant growth 
assay with two plant 
species. 
EN 14995:2006  
Plastics. Evaluation of com-
postability. Test scheme and 
compostability 
Biodegradation should 
be 90% of the degra-
dation of a positive 
control within six 
months
10% residues larger 
than 2 mm allowed 
Limit for heavy metals. 
Physical/chemical  
analysis. 
Ecotoxicity assessment 
includes plant growth 
assay with two plant 
species. 
ISO 17088:2008  
Specifications for  
compostable plastics 
60% mineralization for 
homopolymers in 180 
days. For other poly-
mers 90% mineraliza-
tion during 180 days 
10% of original dry 
mass allowed in size 
larger than 2 mm 
after 84 days in a 
controlled composting 
test  
Heavy metals 
Volatile solids 
Ecotoxicity assessment 
includes plant growth 
assay with two plant 
species. 
ASTM 6400-04 
Standard specifications  
for compostable plastics  
60% mineralization for 
homopolymers in 180 
days. For other poly-
mers 90% mineraliza-
tion during 180 days 
10% of original dry 
mass allowed in size 
larger than 2 mm 
after 84 days in a 
controlled composting 
test 
No adverse effect on 
compost as a growth 
medium. 
Heavy metals. 
There are several labeling or certification systems based on standardization of com-
postability of biodegradable plastics. These labels ensure the suitability of packaging 
materials to be disposed of through composting processes. DIN CERTCO is based on 
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DIN EN 13432, AIB Vincotte OK Compost on EN 13432, Compostable on ASTM D6400, 
and GreenPla on JIS K 6953 (Biodegradable Plastics Society, Japan). In Finland the 
Finnish Solid Waste Association FSWA gives a compostability logo for materials that fulfil 
the requirements set in EN 13432 for compostable packaging materials (Figure 2) (Kale 
2007b; Rudnik et al. 2008).  
Figure 2. Logos in compostability certificates a) Compostable (FSWA/EN) b) DIN 
CERTCO (DIN, EN) c) AIB Vincotte (EN) d) US composting council (ASTM). 
Quality of compost is related to agronomical quality and commercial value. Quality re-
quirements for compost product include both analytical and biological criteria. Volumetric 
weight, total dry solids, volatile solids, salt content, amount of inorganic nutrients (total 
nitrogen, phosphorus, magnesium or calcium and ammonium nitrogen) are analytical 
parameters to be measured. In addition, hygienic quality of the compost product must be 
ensured. Chemical safety of the compost product is characterized by chemical analysis. 
There are limit values set only for heavy metals and no criteria for ecotoxicological analy-
sis. However, it is very difficult to evaluate the quality of compost based on solely chemi-
cal analysis (Kapanen and Itävaara 2001). Biotests are needed for quality assessment of 
the compost products.  
1.1.2.2 Biodegradation in soil 
Biodegradable plastics can enter soil intentionally or unintentionally through the use of 
compost as a soil improver, littering, from mulching or other agricultural applications  
(Degli Innocenti 2005). Type of soil, pH, organic matter etc. have a major influence on the 
biodegradation rate of polymers in soil. In addition, many factors such as irradiation, heat, 
rainfall, irrigation, macroorganisms and activity of microorganisms affect biodegradation in 
soil. Irradiation may reduce polymer molecular weight and increase biodegradability. At 
the same time, irradiation may also induce crosslinks resistant to degradation. On the 
other hand, heat from sunlight may locally increase temperature, thus increasing microbi-
al activity or melting the polymer. Available water increases hydrolysis and leaching of 
plasticizers that enable active biodegradability. Macroorganisms may make polymers 
brittle by mechanical stress (Degli Innocenti 2005).  
Biodegradable products used in agriculture, such as low tunnel films, mulching films, 
bale wraps and irrigation tubes, are targeted to control weeds, conserve water, limit the 
use of fertilizers, pesticides, and herbicides, increase the yield and quality of horticultural 
products, advance harvesting time, limit erosion, control temperature, and protect plants 
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(Briassoulis 2006; Briassoulis 2007; Kyrikou and Briassoulis 2007). Biodegradable films 
used in agriculture should be fully biodegradable in soil after use and should not leave 
any harmful substances in soil after degradation. Concerns about the use of degradable 
agricultural plastics relate to the acceptable time for degradation of the films in soil (Kyrikou 
and Briassoulis 2007). Good evidence for adequate degradation properties in soil has been 
reported for e.g. poly(hydroxybutyrate) (PHB) and its copolymers, poly(caprolactone) (PCL), 
polybutylene succinate adipate (PBSA) and some starch blends such as Mater-Bi 
(Briassoulis 2007; Calmon et al. 1999; Kim et al. 2000; Ratto et al. 1999). Recently, 
poly(lactic acid) Osage Orange wood composite was introduced as mulching film with con-
trolled release of phyto-active agents naturally present in Osage Orange wood (Finkenstadt 
and Tisserat 2010). Use of biodegradable mulching films in agriculture has increased. How-
ever, due to soil being a very complex matrix standardization of the test methods for biodeg-
radability in soil is challenging (Müller 2005a; Siotto et al. 2011). 
1.2 Sewage sludge 
Annual production of sewage sludge in Europe is 10 million tons (dry matter), of which 
160 000 tons is produced in Finland (EC, 2008; Laturnus 2007). Utilization of sewage 
sludge or composted sewage sludge as a fertilizer in agriculture or as a soil conditioner 
provides a sustainable way of recycling nutrients from sewage sludge back to soil (Øde-
gaard et al. 2002). In addition, applications on farmland increase the organic matter con-
tent and water retention capacity in soil, prevent soil erosion, improve soil structure and 
reduce plant diseases (Poulsen and Bester 2010). However, sewage sludge contains 
pathogens, heavy metals and organic pollutants that limit its applicability as a fertilizer in 
agriculture and as a basis for growth media (Laturnus et al. 2007; Eriksson et al. 2008). 
These risks are controlled by legislative means and EU is currently reviewing the Sewage 
Sludge Directive (86/278/EEC). A Working Document of Sludge and Biowaste is under 
discussion (WD 2010; WD 2000) and sets the frame for monitoring the quality of sludge in 
Europe. According to the legislation the use of sewage sludge should not create any risk 
for the health or safety of animals or humans. Currently there are limit values for heavy 
metals (As, Hg, Cd, Cr, Cu, Pb, Ni, Zn), certain pathogens (Salmonella, Escherichia coli,
plant pathogens) and impurities (weed seeds etc.). Moreover, several European countries 
have limit values for organic contaminants. Limit values for organic contaminants are also 
proposed in Working Document of Sludge (WD 2000; WD 2010). Current and suggested 
limit values for organic contaminants in sewage sludge used as soil improvers are pre-
sented in Table 5. 
In Finland, EU directives are implemented in national legislation. Utilisation of sludge is 
regulated by several acts and regulations. Act on Fertilizers (Lannoitevalmistelaki 
539/2006) targets the quality of fertilisers used on land. The Finnish Environmental Pro-
tection Act (Ympäristönsuojelulaki 86/2000), Health protection Act (Terveydensuojelulaki 
763/1994) and Waste Act (Jätelaki 1072/1993) focus on reduction of negative health and 
environmental impacts related to the utilisation of sludge. A Council of State decision on 
the use of sewage sludge in agriculture (Valtioneuvoston päätös puhdistamolietteen 
käytöstä maanviljelyksessä 282/1994) regulates sludge treatment and especially removal 
of pathogens and odour and contains limit values for metal concentrations in sludge.  
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1.2.1 Organic contaminants in sewage sludge  
There are over 500 organic compounds which could potentially be present in sewage 
sludge (Harrison et. al. 2006; Eriksson et al. 2008). In the latest draft for sewage sludge 
and biowaste legislation there is limit value proposed for the total amount of PAH or alter-
natively for benzo[a]pyrene. Currently heavy metals do not raise concern in most Europe-
an countries or in the USA (Poulsen and Bester 2010). In the EU, the importance and 
risks of several organic pollutants in sewage sludge have been acknowledged. Organic 
contaminants of concern are adsorbable organic halogens (AOX), linear alkylbenzene 
sulphonates (LAS), nonylphenols and nonylphenolethoxylates (NP and NPE), di-
ethylhexylphthalate (DEHP), polyaromatic hydrocarbons (PAH), polychlorinated biphenyls 
(PCB), and polychlorinated dibenzo-p-dioxins and -furans (PCDD/F), which are listed in 
Working Document on Sludge 3rd draft (WD 2000) (Amlinger et al. 2004; Andersen, 
2001; Brändli et al. 2004; Erhardt and Pruess 2001; Gawlik and Bidoglio 2006; EC 2008). 
In addition, polybrominated diphenyl ethers (PBDE), tetrabromobisphenol A (TBBPA) and 
hexabromocyclododecane (HBCD), known as brominated flame retardants (BFR), are 
some of the emerging contaminant groups (de Wit 2002; Hale et al. 2003; Hale et al. 
2006). The presence of several pharmaceuticals, antioxidants, fragrances and flavours is 
also one of the concerns when sludge is used as a fertilizer or soil conditioner (Eriksson 
et al. 2008). The number of potentially hazardous compounds is high, and Eriksson et al. 
(2008) identified 99 hazardous compounds in sludges. When micropollutants originate 
from small waste water streams such as private households or small enterprises, the 
emissions are very difficult to eliminate (Poulsen and Bester 2010). More information is 
needed concerning the degradation behaviour and toxicity of these hazardous com-
pounds identified in sludge. According to Eriksson et al. (2008), lack of toxicity data is 
most critical in the case of soil-dwelling organisms.  
Disposal routes for sewage sludge include application to land, composting, landfill dis-
posal, incineration and sea disposal (Ødegaard et al. 2002). Quality of sewage sludge 
can be improved by composting, which reduces the amount of biodegradable contami-
nants in the end product (Moeller and Reeh 2003; Amir et al. 2005; Jensen and Jepsen 
2005; Ramirez et al. 2008; Marttinen et al. 2004; Cheng et al. 2008; Poulsen and Bester 
2010). Successful reduction of linear alkylbenzene sulphonates (LAS), nonylphenols 
(NP), nonylphenolethoxylates (NPE), diethylhexylphthalate (DEHP) and some polycyclic 
aromatic hydrocarbons (PAHs) by composting has been reported (Stamatelatou et al. 
2011) and some of the reported levels of organic pollutant reductions through sewage 
sludge composting are presented in Table 6.  
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Table 6. Reduction of LAS, PAH, NPE and DEHP by composting. 
Compound Reduction Composting Reference
LAS > 95%  
75%
Laboratory scale (10 l) 
Full scale  
Moeller and Reeh 2003 
Amundsen et al. 2001 
Half-life from 7 to 33 days  Sludge-amended soil Ying 2005 
PAH 70% in 25 days Laboratory scale (10 l) Moeller and Reeh 2003 
15.8% to 48.6% in 76 
days
88% in 180 days 
Compost bin (30 L) 
Pilot scale compost pile 
Oleszczuk 2007 
Amir et al. 2005 
NPE 50% Full scale Amundsen et al. 2001 
DEHP 69% (55 °C) in 25 days 
91% (65 °C) in 25 days  
> 85% in 18 days 
93% in 24 days 
Laboratory scale (10 l) 
Compost reactor (110 l) 
Full scale compost pile 
Moeller and Reeh 2003 
Cheng et al. 2008 
Poulsen and Bester 
2010
Phthalates from 34% to 64% 
from 34% to 58% in 85 
days
32% in 28 days 
Full scale 
Compost bin (220 l) 
Rotary drum (5 m3)
Amundsen et al. 2001 
Marttinen et al. 2004 
With composting both the amount and the bioavailability of organic pollutants can be 
reduced. Test duration and composting conditions have an effect on the removal efficacy 
of organic contaminants. Amir et al. (2005) observed that the starting concentration of 
DEHP as well as process temperature had an effect on the DEHP removal efficacy. For 
example PAHs and DEHP have high affinity for organic matter (Jensen and Jepsen 
2005). Low concentration or low bioavailability might lead to slow degradation rate. Re-
duction of PAHs has been reported to be efficient in the maturation phase of composting 
processes (Amir et al. 2005). Oleszczuk et al. (2007) observed that the share of mutagen-
ic and carcinogenic five- and six-ring PAHs decreased during the 76 days of composting 
of municipal sewage sludge. Many of the surfactants are reported to be biodegradable 
(Ying 2005). Efficient biodegradation rates for surfactants such as LASs and NPEs during 
composting have been described (Amundsen et al. 2001). If the composted sewage 
sludge is used as a soil amendment, the remaining organic contaminants in compost may 
undergo further processes of degradation, stabilization and adsorption into the organic 
matter in soil.  
1.3 Ecotoxicity assessment  
The effect of a compound or mixed contamination on an organism can be assessed with 
a biotest. The goal of ecotoxicity assessment is to understand the link between the con-
centrations of chemicals and effects on organisms in the environment (Rudnik 2008). In 
addition, ecotoxicity assessment provides tools to conduct risk assessment of chemicals 
(Pessala 2008). Using ecotoxicity data, environmentally relevant concentrations of chem-
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icals, e.g. predicted no-effect concentration (PNEC) can be estimated. In the EU, REACH 
regulation (Registration, Evaluation, Authorisation and Restrictions of Chemicals) (EC 
1907/2006) requires chemical safety assessment measures that include ecotoxicological 
evaluation of chemicals. While REACH regulations cover the chemical safety aspect in 
Europe, European norms EN 13432 and EN 14995 regulate material compostability crite-
ria including a requirement for plant growth assay as a compost quality measure. 
Ecotoxicity tests can be classified according to the duration (acute or chronic), the 
mode of effect (death, growth, or reproduction), the effective response (lethal or suble-
thal) or specific response (carcinogenicity, mutagenicity, immunotoxicity, and neurotoxici-
ty) (Landis and Yu 1995; Kroes 1995). Ecotoxicity of solid or poorly water soluble sam-
ples such as polymers, soil, compost and sewage sludge can be measured from aqueous 
extracts or directly from the solid sample. There are many ASTM, EU, ISO, OECD and 
DIN standard methods available that can be applied when ecotoxicity of biodegradable 
materials such as compost products, biodegradable packaging materials, biodegradable 
plastics and paper products is evaluated. Some of the standards for soil ecotoxicity as-
sessment are listed in Table 7. However, there is no established way of applying these 
methods for evaluating the ecotoxicity of compost and soil amendments such as sludges 
and mixtures of these (Kapanen and Itävaara 2001). Only the phytotoxicity test is includ-
ed in the standards on degradability of polymers or packaging materials. By contrast, no 
ecotoxicity testing is included in legislation related to sludge quality. There are only a few 
recommendations for suitable ecotoxicity tests to be used in evaluation of ecotoxicity of 
biodegradable polymers, compost or soil samples. Itävaara et al. (1998) recommended 
the acute test with Collembola (ISO 11267) and ammonium oxidation test (ISO 15685) for 
compost toxicity assessment. In addition, Daphnia test was used and also recommended 
for testing ecotoxicity of solid samples by Fritz (1999). However, the evaluation of ecotox-
icity test results requiring an extraction step is challenging (Joutti and Ahtiainen, 1994).  
Evaluation of ecotoxicity of biodegradable materials at the stage of material or product 
development ensures the environmental safety of products released to the market. Poly-
mers designed to be biodegradable during composting or in soil should degrade to harm-
less end products. Correspondingly, sewage sludge should be treated with the best avail-
able technology to reduce the chemical burden on the environment. The biodegradability 
and ecotoxicity of the materials should be verified with standardized methods. Further-
more, the biodegradability methods applied should be chosen according to the intended 
end use of the product (Itävaara et al. 2002a). If there is a need for analysing the concen-
tration of a specific metabolite or residue, it is recommended to use an inert mineral ma-
trix, e.g. vermiculite, for testing the biodegradation and to perform chemical analysis 
(Tosin et al. 1998). The environmental impact of biodegradable materials is difficult to 
assess based only on the concentration of chemical constituents; biotests are necessary 
to complement the evaluation (Fritz 2005; Kapanen and Itävaara 2001). 
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Table 7. Standardized ecotoxicity tests available for soil samples. 
Trophic level Standard
Plants ASTM E 1598, Standard practice for conducting early seedling growth tests 
(1994)
(Included in  
EN 13432 and  
ISO 17088) 
ISO 11269 Soil Quality – Determination of the effects of pollutants on soil 
flora. Part 1. Method for the measurement of inhibition of root growth. Part 2. 
Effects of chemicals on the emergence and growth of higher plants 
OECD 208. Guidelines for testing of chemicals. Terrestrial Plant Test, Seed-
ling emergence and seedling growth 
Soil Fauna ASTM E 1676, Standard guide for conducting a laboratory soil toxicity test 
with the lumbricid earthworm Eisenia fetida
ISO 11267 Soil Quality – Effects of pollutants on collembola  
(Folsomia candida) – methods for the determination of effects on 
reproduction 
ISO 11268 Soil Quality – Effects of pollutants on earthworms  
(Eisenia fetida). Part 1. Method for the determination of acute toxicity using 
artificial soil substrate. Part 2. Determination of effects on reproduction 
OECD Guidelines for testing of chemicals  
207, Earthworm, Acute Toxicity Tests 
220, Enchytraeid Reproduction Test 
222, Earthworm Reproduction Test (Eisenia fetida/Eisenia andrei)
232, Collembolan Reproduction Test in Soil 
Microorganisms ISO 21338 Water Quality – Kinetic determination of the effects of sediment, 
other solids and coloured samples on the light emission of Vibrio fischeri* 
(kinetic luminescent bacteria test) 
ISO 14238 Soil Quality – Determination of nitrogen mineralisation in soils and 
influence of chemicals on the process 
ISO 14240 Soil Quality – Determination of soil microbial biomass.  
Part 1. Respiration method. Part 2. Fumigation extraction method 
ISO 15685, Soil Quality – Ammonium oxidation, a rapid method to test poten-
tial nitrification in soil 
Other ISO 15799 Soil Quality – Guidance on the ecotoxicological  
characterisation of soils and soil materials 
*Vibrio fischeri is currently reclassified as Aliivibrio fischeri (Urbanczyk et al. 2007). In this thesis 
Vibrio fischeri is used in order to be consistent with the articles cited. 
In order to obtain reliable results with ecotoxicity tests, the tests applied should be repeti-
tive and measure the desired parameter under variable test environments (Kapanen and 
Itävaara 2001). It is important to distinguish indirect toxicity resulting from the sample 
environment such as soil or compost from chemical toxicity originating from chemical, 
polymer, polymer components or metabolites. In order to avoid the false interpretation of 
ecotoxicity response when biodegradable materials are studied with biotests, the follow-
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ing issues should be taken into account (Fritz et al. 2003; Fritz 2005; Itävaara et al. 
2002b; Kapanen and Itävaara 2001):  
? active degradation (high microbial activity) resulting in production of organic ac-
ids, nutrient deficiency, oxygen deficiency  
? storage of microbiologically active samples; accumulation of alcohol, methane, 
acetic acid 
? release of e.g nitrogen from polymer material  
? presence of high amounts of undegraded polymer serves as nutrient for e.g. soil 
fauna
? high ammonium concentration in compost or in sludge 
? salinity 
? effect of humic substances on toxicity, colour  
? compost immaturity. 
Active biodegradation of polymers in soil may inhibit the growth of higher plants and 
sometimes also affect daphnia and bacteria. High microbial activity can lead to anaerobic 
conditions in soil and inhibit plant growth significantly However, the inhibition has been 
demonstrated to turn to increased plant compatibility after a longer period of time (160d) 
(Fritz et al. 2003). Fritz (1999) showed with a set of biotests that toxicity caused by readily 
degradable substances derived from biodegradable polymers during biodegradation in 
soil decreases during the degradation. Furthermore, for example a high amount of NH3
released during poly(esteramide) (BAK 1095) degradation in laboratory scale composting 
was shown to lead to toxic response in biotest (Fritz 1999). However, in field scale com-
posting ammonia concentration would have decreased to non-toxic levels (Bruns et al. 
2001).
When ecotoxicity of polymers is studied in a compost environment, natural characteris-
tics of composting phase, e.g. high amount of ammonia, high microbial activity and pres-
ence of phytotoxic substances should be taken into account. Itävaara et al. (2002b) 
showed that immature field scale composts (compost age up to 3 months) induce a toxic 
response in seedling growth of barley and radish. Phytotoxic response correlated with 
acute toxicity measured as inhibition of light production of Vibrio fischeri (Figure 3). In 
order to minimize the false positive or false negative results in biotests, maturity of com-
post should always be determined before using biotest in compost quality assessment 
(Itävaara et al. 2010). 
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Figure 3. Toxicity of municipal biowaste compost with different stages of maturity (up to 3 
months, from 3 to 6 months and over 6 months) measured as inhibition in light production 
in the kinetic luminescent bacteria test and relative growth in the seedling growth test with 
radish (Itävaara et al. 2002b). 
1.3.1 Ecotoxicity of biodegradable plastics 
It is difficult to predict the ecotoxicity of polymers or the presence of ecotoxic degradation 
products or metabolites from the chemical structure of the polymer alone. However , if the 
polymer contains heavy metals, or other known toxic or harmful compounds or aromatic 
monomers are part of the polymer, the probability of harmful metabolites or release of 
toxic substances increases (Fritz et al. 2003). Furthermore, it is difficult if not impossible 
to recover the toxic metabolites or residues of biodegradable plastics from compost or soil 
and therefore combining the biodegradation tests with ecotoxicity tests is recommended 
(Fritz 2005).  
Biodegradability of biodegradable polymers has been extensively studied but literature 
on ecotoxicity assessment of biodegradable polymers targeted for compost application or 
to be used in agricultural applications is scarce (Rudnik et al. 2007; Kapanen and 
Itävaara, 2001; Kapanen et al. 2002; Witt et al. 2001; Fritz et al. 2003). The available 
ecotoxicity tests for compost applications were reviewed by Kapanen and Itävaara 
(2001). The methods applied for the evaluation of the ecotoxicity of natural and synthetic 
biodegradable polymer materials are mainly based on the use of plants, soil fauna 
(earthworms), crustaceans (Daphnia), algae (green algae), and microbes (luminescent 
bacteria). Studies have been performed in different environments; aquatic, compost, and 
soil environments, depending on the targeted use of the designed polymer (Table 8).  
Luminescent bacteria test has been used as an ecotoxicity assay for several different 
types of polymers. Of the tested polymers and their degradation products e.g. modified 
starch cellulose fibre composites and aliphatic aromatic copolyester (Ecoflex®) did not 
give a toxic response in the luminescent bacteria test (Rudnik et al. 2007; Witt et al. 
2001). Accordingly, when ecotoxicity of an aliphatic-aromatic copolyester was studied 
with a seedling growth test, Daphnia magna or luminescent bacteria test during the bio-
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degradation process there was no indication of environmental risk (Witt et al. 2001; 
Rychter et al. 2010). However, Fritz (1999) reported untypical dose-response curves in 
the luminescent bacteria test due to highly colourful compost eluates, and furthermore 
dissolved humic substances may inhibit Daphnia mobility in high concentrations (Fritz 
1999). By contrast, the presence of starch-polyester blend in compost increased the body 
weight of earthworms, and partially degraded starch-polyester blend increased the num-
ber of earthworm juveniles (Jayeskara et al. 2003). Fritz et al. (2003) also showed that 
increased amount of organic matter in soil due to addition of biodegradable polymers 
induces the growth and survival of earthworms. For this reason earthworms are not rec-
ommended for use in this type of test. 
Additives in biodegradable plastics, if not degraded during the waste treatment pro-
cess e.g. composting, may be released to the environment. The presence of plasticizer 
metabolites in the environment has already been reported. Degradation products of plas-
ticizers DEHP and di(2-ethylhexyl) adipate (DEHA), 2-ethylhexanoic acid and 2-
ethylhexanol can be resistant to further degradation and in addition cause acute toxicity in 
microorganisms, crustaceans and fish (Horn et al. 2004).  
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1.3.2 Ecotoxicity of sewage sludge and compost 
Sewage sludge and sewage sludge-derived products contain beneficial nutrients and 
organic matter but in addition they can contain heavy metals, pathogens and organic 
contaminants. Over 500 organic chemicals are known to be present in sewage sludge 
(Harrison et al. 2006, Eriksson et al. 2008), and therefore chemical analyses of all possi-
ble potential toxic compounds in the sludge and sludge-derived products is impossible. It 
is essential to combine chemical analysis with ecotoxicity assessment in order to be able 
to characterize sludge properties. Good characterization of the sludge enables for exam-
ple the use of waste classification methods supporting the application of sludge on land 
(Mantis et al. 2005). However, natural characteristics of sewage sludge and compost, 
such as intense colour, high amounts of nutrients, high microbial activity and mixtures of 
contaminants presents challenges to performing biotests. Sample characteristics, such as 
maturity of the compost, affect the success of the ecotoxicity assessment. In order to be 
able to obtain reliable results from ecotoxicity assessment and to minimize the possibility 
of false positive results, maturity of the compost must be measured (Kapanen and 
Itävaara 2001, Itävaara et al. 2002b).  
The quality of sewage sludge and composted sewage sludge has been studied with 
several biotests. Acute toxicity, genotoxicity, and phytotoxicity of sewage sludge as well 
as evaluation of the endocrine-disruption potential of sludge have been reported (Table 9). 
Luminescent bacteria test has been the most commonly applied biotest in sewage sludge 
ecotoxicity assessment (la Farré et al. 2001; Perez et al. 2001; Mantis et al. 2005; 
Fuentes et al. 2006). In some cases the amount of organic contaminants in sewage 
sludge could be linked to the toxic response. la Farré et al. (2001) reported sludge 
extracts containing NPs and NPEs to be toxic in the luminescent bacteria test. By using 
indirect exposure bioassays with luminescent bacteria and D. magna or direct bioassay 
applying the earthworm bioassay and phytotoxicity tests, Alvarenga et al. (2007) 
classified a sewage sludge sample to be highly ecotoxic (class 3) or significantly ecotoxic 
(class 2), respectively. This particular sample was considered unsuitable to be used as a 
fertilizer due to its high Zn concentration (7620 mg kg-1 dw). However, there are also 
studies in which this correlation between organic pollutants and toxic response was not 
confirmed. For example, PAH concentration in sewage sludge or compost fertilizers did 
not correlate with crustacean mortality and plant growth in a study made by Oleszczuk 
(2010). Park et al. (2005) reported different toxicity levels in luminescent bacteria test and 
in a test with rotifer for sludge samples derived from variable sources. However, the 
authors did not find significant correlation between toxicity response and the amount of 
pollutants measured. Based on ecotoxicological properties of organic pollutants and their 
estimated no-effect concentrations for soil-dwelling species, Jensen (2004) proposed that 
some cut-off values of organic contaminants in sludge could be raised. The suggested cut 
off values of 2500 mg kg-1 for LAS, 50 mg kg-1 for eight PAHs and 500 mg kg-1 for DEHP 
are considered appropriate to protect agro-ecosystems. However, unwanted 
accumulation of these contaminants should be avoided.  
Luminescent bacteria test was also successfully used for monitoring ecotoxicity of 
composted sewage sludge, plant waste and municipal waste by Lopez et al. (2010). In 
their study measured light inhibition decreased during the composting process and 
mature compost inhibited light production of Vibrio fischeri less than 20%. In addition to 
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the luminescent bacteria test several other biotests have been used effectively for com-
composted sewage sludge quality assessment (Table 9). Hamdi et al. (2006) 
recommended a direct solid-phase chronic toxicity test with ostracod (Heterocypris 
incongruens) for both sewage sludge and compost toxicity assessment. In their study, 
PAH concentration in composted sewage sludge correlated well with ostracod test 
response, whereas inhibition in root elongation test and D.magna did not correlate with 
measured PAH concentrations. However, root elongation was sensitive to high amounts 
of ammonia and soluble salts and Daphnia magna to heavy metals and other 
contaminants present in sewage sludge compost. If composted sewage sludge is used as 
a soil improver, phytotoxicity is one of the most important tests to be performed. There 
are several studies available concerning the phytotoxicity of composts and soils amended 
with sewage sludge (Dubova and Zarina 2004; Hamdi et al. 2006; Alvarenga et al. 2007; 
Ramirez et al. 2008; Oleszczuk 2008; Natal-da-Luz et al. 2009; Oleszczuk 2010). Plant 
growth tests with field mustard (Brassica rapa), ryegrass (Lolium perenne) and red clover 
(Trifolium pratence) revealed that composting effectively reduces the toxicity of digestate 
and thermally dried sludge measured by phytotoxicity assessment (Ramirez et al. 2008). 
Immature sewage sludge compost and released decomposition end products from therein 
have specific effects on different biotests; earthworm biomass and reproduction might be 
favoured and plant germination and collembola reproduction inhibited. (Domene et al. 
2011).
Due to the presence of genotoxic chemicals such as benzo[a]pyrene, fluoranthene, 
fenantrene and crysene in sewage sludge it is important to evaluate the genotoxic 
potential of the samples (Klee et al. 2004). Genotoxicity of sewage sludge has been 
studied with Ames-test, Comet assay and SOS-Chromotest (Klee et al. 2004; Renoux et 
al. 2001). Klee et al. (2004) observed genotoxicity and mutagenicity in industrial sewage 
sludge derived from a wastewater treatment plant receiving influents containing 
pharmaceutical substances, chemical intermediates and explosives by a battery of in vitro 
biotests. Mutagenicity determined with the Ames test decreased after aerobic or 
anaerobic sludge treatment. Aerobic treatment also reduced the genotoxicity of the 
sludge, whereas anaerobic treatment was less effective in removing the genotoxicity. In 
this study the genotoxicity was evaluated by the Comet assay.  
Sewage sludge contains many chemicals such as NP, bisphenol-A, dibutylphthalate 
(DBP) and diethyl hexyl phthalate (DEHP), that have endocrine-disruptive properties 
(Harrison et al. 2006; Fromme et al. 2002). Endocrine disruption potential (Leusch et al. 
2006; Hernandez-Raguet et al. 2007) and the presence of dioxin-like compounds 
(Engwall et al. 1999; Suzuki et al. 2004; Suzuki et al. 2006) in sewage sludge and 
compost have been studied with biotests. When Murk et al. (2002) used three different 
assays, ER-Calux, YES and ER-binding, to predict the oestrogenic potencies in 
wastewater and sludge, ER-binding assay was the most sensitive of the applied tests. 
Hernandez-Raguet et al. (2007) demonstrated the reduction of oestrogenic activity of NP-
spiked sewage sludge after aerobic sewage sludge treatment by MELN bioassay. 
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2. Aims of the study 
The first aim of this study was to evaluate the ecotoxicity of biodegradable plastics, their 
components and degradation products during biodegradation in vermiculite, in compost 
and in soil. The second main goal was to reduce the amount of organic pollutants in 
sewage sludge by composting and to evaluate the quality of sewage sludge and 
composted sewage using biotests. The hypothesis of this dissertation was that during the 
biodegradation process in different environments it is possible to evaluate ecotoxicity of 
biomaterials and their metabolites with biotests.  
The specific aims of the study were  
– to evaluate the biodegradability of biodegradable polymers and organic 
contaminants in laboratory scale, pilot scale and field scale composting (I, II, III, 
V)
– to study the performance and limitations of ecotoxicity tests during the 
biodegradation studies in compost and soil environments (I–V)  
– to evaluate the sensitivity of the kinetic luminescent bacteria test in measuring 
the acute toxicity of polymer components, polymer additives, or degradation 
products (I, II, III, IV) 
– to evaluate the acute toxicity, phytotoxicity and effects on microbial diversity of 
biodegradable polymers, polymer components and their breakdown products 
during biodegradation assessment in compost or vermiculite (I, II, III, 
unpublished data). 
– to evaluate the performance and the environmental impact of starch-based 
biodegradable films used for crop protection (IV) 
– to evaluate the acute toxicity, genotoxicity and endocrine disruption activity of 
sewage sludge and composted sewage sludge containing mixtures of organic 
contaminants (V).  
3. Materials and methods 
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3. Materials and methods 
Bio/degradation and ecotoxicity of chemicals, biodegradable polymers and organic 
contaminants were studied in laboratory, pilot and field scale applications (Figure 4). 
Experiments were designed to reveal the possible release or presence of harmful 
substances derived from the studied chemical, polymer, or product to the media under 
investigation, e.g. compost or soil.  
Figure 4. Test scheme for evaluation of biodegradation and ecotoxicity of biodegradable 
polymers and chemicals in compost and in soil.  
3. Materials and methods
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3.1 Polymers and chemicals 
The polymers and chemicals studied in papers I, II, III and IV are presented in Tables 10 
and 11, respectively. In addition, the environment of the experiment is specified. 
Table 10. Polymer samples and testing environment in biodegradability and ecotoxicity 
evaluation (Papers I, II, IV, unpublished). 
Polymer 
/film 
Composition and/or company Environment Paper
2030/483  
Cellulose 
Experimental product composed of starch, 
poly(caprolactone) and poly(urethane) 
Microcristalline cellulose 
Avicell (Merck) 
Compost  
Vermiculite 
(Laboratory scale) 
I
E4% Lactic acid oligomer, 4% BD Compost 
(Laboratory scale) 
II 
PEU 1%H 
PEU 4%H 
PEU4% B 
HMDI -based poly(ester-urethane) 
HMDI -based poly(ester-urethane) 
BDI -based poly(ester-urethane) 
PEA Poly(ester-amide) 
PLLA Polylactide
(POLLAIT, Fortum Oil and Gas, Finland) 
M0 Non-biodegradable black mulching film 
(50 ?m), LPDE film 
Soil  
(Field scale) 
IV 
M1 Black mulching film (50 ?m),  
destructurised starch complexed with 
biodegradable polyesters (Mater-Bi)  
L0 Non-biodegradable transparent low tunnel 
film (60 ?m), LPDE film  
L1 Transparent low tunnel film (60 ?m),
destructurised starch complexed with 
biodegradable polyesters (Mater-Bi) 
CA-DEP Cellulose acetate: milled, granular and film 
(Dexel S 200–25 + UV, DEP content 25%) 
Compost 
(Laboratory and 
pilot scale) 
un-
published
data
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Table 11. Chemicals and ecotoxicity test environments in papers I, II, and III. 
Chemical Test environment Paper
4,4´-diaminodiphenyl methane (MDA) Tested as pure chemical and 
in compost and vermiculite 
I
L-Lactic acid  Aquatic/compost  II 
lactide Aquatic/compost II 
1,4-butanediol (BD) Aquatic/compost II 
stannous octoate Aquatic/compost II 
1,6-hexamethylene di-isocyanate (HMDI) Aquatic/compost II 
1,4-butane di-isocyanate (BDI) Aquatic/compost II 
1,6-hexamethylenediamine  Aquatic/compost II 
1,4-butane diamine Aquatic/compost II 
succinic acid anhydride  Aquatic/compost II 
succinic acid Aquatic/compost II 
2,2´-bis(2-oxazoline)  Aquatic/compost II 
diethyl phthalate (DEP) Compost based plant growth  
medium
III 
3.2 Sewage sludge and composted sewage sludge  
Sewage sludge and composted sewage sludge samples were collected from laboratory 
and field scale experiments. The ecotoxicities of two different types of sewage sludge 
samples were evaluated. The sewage sludge sample (A, Paper V) originated from a 
municipal waste water treatment plant (WWTP) receiving 17% industrial waste water with 
high organic contaminant concentrations. The other sewage sludge sample (B, Paper V) 
was from WWTP handling a lower load of industrial waste water (8%) and contained less 
organic contaminants. In addition, ecotoxicity of composted sewage sludge samples from 
a pilot scale composting experiment (A, Paper V) and compost samples with different 
stages of maturity from two municipal field scale composts (1, 2a and 2b, Paper V) was 
assessed. 
3.3 Methods 
Biodegradation and/or degradation of biodegradable polymers, chemicals and organic 
pollutants in municipal sewage sludge were studied in laboratory, pilot and field scale 
experiments (Figure 4).  
In laboratory scale, controlled composting test biodegradation was determined as 
evolved carbon dioxide. In the controlled composting test either mature compost (Papers 
I and II, unpublished data) or activated vermiculite simulated the composting process 
(Paper I). In addition, degradation was determined as decrease in concentration of the 
added component in compost media (Paper III). 
In the pilot scale composting experiment the activity of the composting process was 
followed by monitoring evolved carbon dioxide. Degradation of organic pollutants 
originating from municipal sewage sludge and plasticizer DEP in cellulose acetate film 
was determined as decrease in concentration (Paper V, unpublished data).  
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In the field scale study in soil, the degradation of mulching films was determined by 
sieving soil and collecting and weighing the residues of the film (Paper IV). In addition, 
microbial activity in soil was measured with Solvita TMSoil Life Tests (Paper IV).  
Methods for studying biodegradability, ecotoxicity, microbial diversity, microbial activity 
and compost maturity are listed in Table 12. 
Table 12. Methods related to measuring biodegradability and ecotoxicity of biodegradable 
polymers and organic contaminants in composts, soil and sludge (Papers I–V).  
Method Paper
Bio/degradability or removal
Chemical analysis 
Controlled composting test 
HPLC
GC-Electron Capture Detector 
GC-Mass Spectrophotometer (GC-MS) 
GC-High Resolution Mass Spectrometer 
GC-MS-negative ion chemical ionization 
detection (GC-NCI) 
EN 14046, CO2 evolution 
I, II, III, V 
V
V
V
V
I, II 
Pilot composting EN 13432, Disintegration V, unpub 
Degradation in soil Weight loss IV 
Ecotoxicity
Acute toxicity  ISO 11348-3 Water Quality - Determination 
of the inhibitory effect of water samples on 
the light emission of Vibrio fischeri
(luminescent bacteria test) 
II, III 
ISO 21338 Water Quality – Kinetic 
determination of the effects of sediment, 
other solids and coloured samples on the 
light emission of Vibrio fischeri (kinetic 
luminescent bacteria test)
I, II, III, IV, 
V and 
unpub
Phytotoxicity Seedling emergence and growth, OECD 
208
Cress (Lepidium sativum),  
Barley (Hordeum vulgare)
Radish (Raphanus sativus)
II, III, and 
unpub
Soil fauna ISO 16387 Soil Quality: Effects of 
pollutants on Enchytraeidae –
determination of effects on reproduction 
and survival (Echytraeus albidus)
IV 
Genotoxicity VitotoxTM 10Kit, Salmonella typhimurium 
TA104 recN2-4 
V
Endocrine disrupters and 
dioxin -like compounds 
Yeast cell bioreporter, genetically modified 
Saccharomyces cerevisiae V
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Method Paper
Microbial diversity
Total DNA extraction from compost and 
soil 
PCR-DGGE targeting to the bacterial 16S 
rRNA gene, partial 16S rRNA sequencing 
(bacteria) and phylogenetic analysis 
PCR-DGGE targeting to ammonium 
oxidizers (amoA), sequencing of amoA 
III, IV  
III 
IV 
Microbial activity
Soil respiration SolvitaTM Soil Life Tests IV 
Chemical and physical 
parameters Dry weight (EN13040) 
pH (EN 13037) 
Conductivity (EN 13038) 
Organic matter (EN 13039) 
Water holding capacity (I.M.A 1999 
Gazzetta Ufficiale n248) 
N (ISO 11261), P (ISO 11263) and K 
(I.M.A. 248, 21/10/1999) 
I–V 
I–V 
II, IV, V 
IV, V 
IV 
IV 
Maturity
Mineralization phase of  
organic N 
nitrate-N/ammonium-N ratio  V
Microbial activity Evolution of CO2 V
Phytotoxicity Germination index  
(Cress, Lepidium sativum)
(Method book Itävaara et al. 2006) 
V
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4. Results and discussion 
4.1 Ecotoxicity of biodegradable plastics 
Polymers designed to be biodegradable should decompose to harmless end products 
such as water, carbon dioxide, methane and biomass (Müller, 2005a; Pagga, 1997; De 
Wilde and Beolens, 1998). However, in some cases harmful compounds can be released 
during biodegradation of polymers. Biodegradability and ecotoxicity of biodegradable 
plastics, polyurethane starch blend 2030/489 and lactic acid polymers prepared by chain 
linking were evaluated in laboratory scale under controlled composting conditions (Papers 
I and II).  
4.1.1 Acute toxicity of polymer components and degradation products 
Acute toxicity of several polymer components and possible degradation products was 
evaluated by the luminescent bacteria test (Table 13; Papers I, II and III). We determined 
acute toxicity using two different luminescent bacteria tests, of which ISO 11348 is 
traditionally used for measuring acute toxicity of chemicals and environmental samples. 
Kinetic luminescent bacteria test (ISO 21338) was designed especially for coloured and 
solid samples (Lappalainen 2001). Therefore we used it for acute toxicity assessment of 
compost, soil and sewage sludge samples. Among the lactic acid -based polymer 
components, lactic acid, 1,4-butanediol (BD), stannous octoate, 1,6-hexamethylene di-
isocyanate (HMDI), 1,4-butane di-isocyanate (BDI), 1,6-hexamethylenediamine (HMDA), 
1,4-butane diamine, lactide, succinic anhydride, succinic acid and 2,2-bis(2-oxazoline), 
only the chain extenders HMDI and BDI showed high toxic response in the luminescent 
bacteria test with Vibrio fischeri, reducing the light production significantly (Paper II) . The 
EC5030min value for both HMDI and BDI in the traditional luminescent bacteria test (ISO 
11348) was 0.02 μg l-1 and in the kinetic luminescent bacteria test (ISO 21338) EC5030s
was 0.1 and 0.2 μg l-1, respectively. EC50 values measured for the other tested 
chemicals were at concentration levels not expected to be present in the biodegradation 
test environment. Because HMDI is hydrolysed rapidly in an aquatic environment, the 
ecotoxicological tests conducted in aquatic environment also contained the hydrolysis 
product(s). The PNECaqua value of 77.4 ?g l-1 for HMDI is derived from the EC50-value 
for algae using an assessment factor of 1000, and also includes the effect of the 
hydrolysis product HMDA (OECD/SIDS 2004). In our study, low EC50 value in the kinetic 
luminescent bacteria test (Table 13) may be due to the very short exposure time resulting 
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in a lower degree of HMDI hydrolysis to less toxic degradation products compared to 
other aquatic biotests reported. HMDA has been found to have minor acute toxicity 
towards freshwater fish species and moderate acute toxicity to Daphnia magna and some 
algal species. HMDA is biodegradable in the activated sludge process; degradation in soil 
is also possible (OECD/SIDS 1994). 
Table 13. Acute toxicity of chemicals studied with the traditional (ISO 11348-3) and the 
kinetic luminescent bacteria test (ISO 21338) with Vibrio fischeri.
Compound  ISO 11348-3 
EC5030min
ISO 21338  
EC5030s
Paper
4,4´-diaminodiphenyl methane (MDA) 38 mg l-1 I
lactid acid 11 g l-1 65 g l-1 II 
lactide 5.5 g l-1 64 g l-1 II 
1,4-butanediol (BD) 15 g l-1 70 g l-1 II 
stannous octoate 0.2 g l-1 0.6 g l-1 II 
1,6-hexamethylene di-isocyanate (HMDI) 0.02 ?g l-1 0.1 ?g l-1 II 
II 
II 
II 
II 
II 
II 
1,4-butane di-isocyanate (BDI) 0.02 ?g l-1 0.2 ?g l-1
1,6-hexamethylenediamine 36 g l-1 46 g l-1
1,4-butane diamine 3.1 g l-1 20 g l-1
succinic acid anhydride  43 g l-1 26 g l-1
succinic acid +++a +++a
2,2´-bis(2-oxazoline) 15 g l-1 51 g l-1
diethylene phthalate (DEP) 0.92 g l-1 0.5 g l-1 III 
a Increase in light production 
In addition to the components of lactid acid -based polymers we also studied the possible 
release and toxicity of 4,4´-diaminodiphenyl methane (MDA) during the biodegradation of 
4,4´-diphenyl methane di-isocyanate (MDI)-based thermoplastic polycaprolactone-type 
polyurethane 2030/489. We determined the EC5030s value for MDA, a degradation 
product of MDI, which was 38 mg l-1 in the kinetic luminescent bacteria test. This 
concentration level of MDA could potentially be present in compost media. However, 
toxicity was not detected from compost samples. In vermiculite test media acute toxicity 
could be detected by the kinetic luminescent bacteria test. The reported EC50 value for 
MDA in the traditional luminescent bacteria test (ISO 11348-3) after 30 minutes of 
exposure time is 6.6 mg l-1 (EU RAR 2001). 
EC50 values for plasticizer DEP in the luminescent bacteria test in our experiments 
were relatively high, EC30s 920 mg l-1 in the kinetic luminescent bacteria test and 
EC5030min 500 mg l-1 in the traditional test. Correspondingly, Jonsson and Baun (2003) 
reported an EC5015min value of 143 mg l-1 for DEP in the traditional luminescent bacteria 
test. These concentrations are high and can easily be detected by chemical analysis from 
compost media. DEP concentrations causing acute and chronic effects on other 
microorganisms, algae, invertebrates and fish are lower, ranging from about 10 to 130 mg l-l
and 3.65 to 25 mg l-1, respectively (Staples et al. 1997b). Therefore luminescent bacteria 
cannot be considered sufficiently sensitive to measure acute toxicity of DEP in the 
environment. 
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In the following sections the fate of the identified potentially hazardous polymer chain 
extenders (HMDI, BDI) and polymer degradation products (HMDA, MDA) in compost 
environment during the degradation process will be discussed in more detail. Compost 
has a highly complex composition that leads to challenges in extraction and analytical 
detection of degradation products or toxic intermediates, as was seen when monitoring 
the amount of HMDA and MDA in compost (Paper I and II). This is also a challenge for 
other applied biotests in which bioavailability of target chemicals is essential for the 
sensitivity and applicability of the test method. Compost immaturity causes problems in 
ecotoxicity assessment and therefore the maturity of the composted materials or 
chemicals should be confirmed before toxicity assessment (Itävaara et al. 2010). 
Immature compost may give a toxic response e.g. in the luminescent bacteria test 
(Itävaara et al. 2002b). This must be taken into account when ecotoxicity of pilot scale or 
industrial scale composts is to be evaluated and evaluation should be focused only on 
mature compost samples.  
4.1.2 Biodegradation and ecotoxicity of biodegradable plastics in compost and in 
vermiculite  
Chain-linked lactic acid-based polymers, poly(ester-amide), polylactide and polyurethane-
based plastic studied in the controlled composting test fulfilled the criteria for 
biodegradability set in EN Standards (EN 13432, EN 14995) for biodegradability of 
packaging materials and plastics (Papers I and II, Table 14). During biodegradation of 
MDI (4,4´-diphenyl methane di-isocyanate)-based thermoplastic polycaprolactone-type 
polyurethane 2030/489, a toxic degradation product, MDA may be released to the 
environment. Due to its good biodegradability, 2030/489 film is a good model for testing 
the toxicity of released harmful compounds (Bellia et al. 1999). Release of MDA was 
evident when we studied the biodegradation of 2030/489 film in controlled composting 
test, with vermiculite as biodegradation media (Paper I). Released MDA (87.8 μg g-1 dw) 
and acute toxicity in the kinetic luminescent bacteria test were detected in vermiculite 
extracts, but not when biodegradation was monitored in compost media. We observed 
that overnight extraction did not increase the toxic response but did activate light 
production of Vibrio fischeri in compost samples with and without 2030/489 film and 
vermiculite without the film. The phenomenon of induced light production by compost 
samples was reported previously by Kapanen et al. (2009). High nutrient concentration or 
available organic carbon source may activate the bacteria. Because sample matrix itself 
may cause interference in the luminescent bacteria test it is very important to include 
proper controls in the experiment in order to avoid false negative and false positive 
results.  
Recovery of MDA from compost has been reported to be very low, only 10%, when 
compared to the 90% recovery from vermiculite (Tosin, et al. 1998). MDA may be adsorbed 
to the compost particles and thus be less extractable to water and less toxic to test 
organisms, especially in short term tests. This might explain why compost samples with 
2030/489 film were not acutely toxic in our experiments (Paper I). MDA could also be more 
biodegradable in compost environment than in vermiculite. We determined that as a pure 
chemical MDA was toxic to Vibrio fischeri in all the tested concentrations of 0.8–205 mg l-1,
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with an EC50 value after 30 s contact time of 38 mg l-1 (Table 13). Thus, it was possible to 
detect toxicity in vermiculite sample with 2030/489 film, which contained 2.3 mg l-1 MDA. 
In one EU Risk assessment report PNECs for MDA in aquatic and in soil environments 
were 3 μg l-1 and 128 μg kg-1, respectively (EU RAR 2001). In our study the amount of 
released MDA in vermiculite was very high compared to the PNEC value for soil reported 
by European Commission. However, the amount of the sample used in the 
biodegradation experiment was higher than would be expected in real composting 
conditions. 
Table 14. Biodegradability of polymers in controlled composting test EN 14046 (Papers I 
and II).  
Sample Biodegradation 
(%) CO2 of 
ThCO2
Time 
(d) 
Environment Biodegradation 
test
Paper
2030/489 90 56 Compost Laboratory 
scale/Controlled 
composting test 
I
I88 56 Vermiculite 
E4% 85 112 Compost Laboratory 
scale/Controlled 
composting test 
II 
II 
II 
II 
II 
II 
II 
II 
PEU1%H 87 112
EU4%H 95 112
PEA 100 112
PEU4%B 91 70
PLLA 92 150
Positive control 
Positive control 
95
94
112
70
We also studied the effect of the type and the amount of chain extender and the 
esterblock on biodegradability and ecotoxicity of lactic acid polymers prepared by chain 
linking (Paper II). We demonstrated that all the studied polymers, namely poly(ester-
urethanes), poly(ester-amide), and a reference polymer polylactide biodegraded to over 
90% of the positive control during the composting experiment, which is the limit set for 
biodegradability in the standard EN 13432 for packaging materials and EN 14995 for 
plastics (Table 14). The degradability of poly(ester-urethanes) is mainly based on 
degradation of polyester blocks rather than the cleavage of urethane bonds (Seppälä et 
al. 2004, Paper II). We observed that the length of the poly(lactic acid) chain and different 
amounts of chain extender, HMDI slightly affected the rate of biodegradability. 
Biodegradation of PEU4%H was slightly faster but only 8% higher than biodegradation of 
PEU1%H. This has also been detected earlier in aquatic environment (Hiltunen et al. 
1997). Polymer PEU4%B with a different chain extender, 1,4-butane di-isocyanate (BDI), 
biodegraded faster than PEU4%H. The lag time was longer but 91% biodegradability was 
reached already in 70 days, when biodegradation of PEU4% was only about 80%. The 
chain-linking agent was the only difference between these polymers. Chain extenders do 
have an impact on polymer characteristics such as chain flexibility, crystallinity, 
mechanical properties, hydrolysis behaviour and degradation behaviour. Therefore it is 
important to select a suitable chain extender if degradation properties of produced 
polymers are tailored (Seppälä et al. 2004; Wang et al. 2011).  
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In PEA 2,2´-bis(2-oxazoline) was used as an chain extender, oxamine groups were in-
troduced to the polymer structure and 1,4-butanediol was substituted with succinic acid in 
the ester chain. However, we found that the degradation behaviour of PEA was similar to 
that of PEU1%H and PEU4%H. PEA with a higher glass transition temperature (Tg) had a 
longer lag phase but reached or even exceeded 100% estimated level of biodegradation. 
In some cases long incubation or sample type might itself activate degradation of the 
compost matrix, resulting in overestimation of the biodegradability results. This phenome-
non is called priming effect (Shen and Bartha 1996). Different glass transition tempera-
tures (Tg) and degree of crystallinity of the polymers affected the lag phase and biodegra-
dation rate in the controlled composting test. In our study high Tg and the semicrystalline 
nature of PLLA resulted in a long lag phase and slower biodegradation rate. PLLA 
degrades faster in bench-scale composting conditions in which the temperature increases 
higher than 58 ºC in the controlled composting test, resulting in faster hydrolysis followed 
by enhanced biodegradation (Itävaara et al. 2002a).  
With biotests we could detect the release of the harmful compounds to the compost 
media when biodegradation was studied under controlled composting conditions. We 
detected acute toxicity and phytotoxicity derived from PEU1%H and PEU4%H polymers 
during and after the biodegradation in controlled composting test (Figure 5, Paper II). 
Toxic response was clearly related to the amount of HMDI in the polymer. In the kinetic 
luminescent bacteria test, the inhibition in light production due to PEU4%H was twofold or 
more, relative to PEU1%H. Furthermore, the other tested polymers such as PEU4%B, in 
which the chain-linking was carried out with BDI, did not show any indication of toxicity. In 
this case, the toxicity detected was evidently due to the breakdown of HMDI units. In 
addition, we observed that the effect on cress, radish and barley seedling growth was 
more distinct in growth media containing a 1:2 (v/v) mixture of compost with the higher 
concentration of HMDI. In addition, PEU4%H caused chlorosis and damaged the shoot 
tips of test plants.  
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Figure 5. Inhibition of light production by V. fischeri in the kinetic luminescent bacteria 
test (last data point for E4%, PEU1%H, PEU4%H, PEA was 112 days, for PLLA 202 
days, and for PEU4%B 70 days) and biomass (%) compared to positive control in the 
plant growth test. On the right, seedling growth of a) cress, b) radish, and c) barley in 
PEU4%H/compost medium.  
We showed that HMDI was probably indirectly responsible for the toxic response in 
compost samples. However, the form of toxicity induced was not self-evident. 
Polyurethanes and especially degradation products derived from di-isocyanates may yield 
toxic compounds during degradation. In water, di-isocyanates are expected to be rapidly 
hydrolyzed to the corresponding amines and polyuria (Anonymous 1998). We identified 
traces of the degradation product of HMDI, 1,6-hexamethylenediamine (HMDA) in 
compost samples after degradation of PEU4%H. However, HMDA was not detected from 
the PEU1%H samples, in which HMDI-units were one-fourth of the amount in PEU4%H. 
The toxic response in the kinetic luminescent bacteria test could not be due only to the 
presence of HMDA in the studied compost samples, since the detected concentrations 
were at least 15 – fold lower than those needed for detecting the toxic response with the 
applied test (EC2030s). Toxicity decreased during the composting test, indicating further 
degradation or modification of degradation products. In order to be able to detect potential 
toxic degradation products of materials targeted for composting, it is important to monitor 
the toxicity of compost not only after the composting but already during the degradation 
phase. Our results clearly showed that 1,6-hexamethylene di-isocyanate should not be 
used as a building block in biodegradable polymers because of its potential 
environmental risk. In polymer PEU4%B, in which no toxicity was detected during the 
composting, the degradation product of BDI is nontoxic 1,4-butane diamine, a compound 
that is also present in mammalian cells (de Groot et al. 1997).  
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4.1.3 Plasticizer DEP in compost environment 
Phthalates are used to plasticize polymers such as polyvinyl chloride (PVC), polyvinyl 
acetates, cellulosics and polyurethanes. These polymers are widely used in food wraps, 
plastic tubing, furniture, toys, shower curtains, cosmetics etc. Phthalates when used as 
plasticizers are not chemically bound to the polymer and leach easily from polymer 
matrices into the environment. Environmental fate, toxicity and biodegradability of 
phthalates have been extensively studied (Staples 1997a, 1997b, and 2000, Cartwright et 
al. 2000a and 2000b; Fromme et al. 2002; Amir et al. 2005; Liang et al. 2008). One of the 
main concerns regarding phthalates is their endocrine -disrupting properties (Jobling et al. 
1995; Zou and Fingerman 1997).  
Ecotoxicity and biodegradability of plasticizer DEP was demonstrated in laboratory and 
pilot scale experiments (Paper III and unpublished data). In the laboratory scale 
experiment, biodegradability, ecotoxicity and microbial diversity were investigated in 
compost growth substrate to which DEP was added at different concentrations, 0.1–100 g 
kg-1 fw (Paper III). In addition, we evaluated the biodegradability of cellulose acetate 
(Dexel S 200–25 + UV) containing DEP as an additive in controlled composting 
conditions and its ecotoxicity was assessed. In pilot scale composting disintegration and 
ecotoxicity of the cellulose acetate film were studied (unpublished data). 
We detected toxicity of compost-based plant growth media, spiked with DEP in 
concentrations from 1 to 100 g kg-1 fw, as inhibition in light production in the luminescent 
bacteria test with Vibrio fischeri, as reduction in seedling growth with radish (Raphanus 
sativus) and as change in microbial community (Figure 6, Table 15, Paper III). When 
added at 1 g kg-1 fw DEP reduced seedling growth of radish (Raphanus sativus). In 
addition to its effect on plant growth, Saarma et al. (2003) reported that the presence of 
DEP in plant cultivation media may lead to changes in protein synthesis and induce 
formation of several stress -related proteins. The presence of heat shock proteins 
(HSPs), as well as novel proteins possibly related to DEP in growth media was reported 
when the DEP concentration was 222 mg l-1 in liquid medium. Compared to other 
reported aquatic toxicity data, a relatively high concentration of DEP was needed in our 
study to induce acute toxicity in the kinetic luminescent bacteria test. Light inhibition 
starting from 51% in compost media samples (100 g l-1) was detected with a 
concentration of 10 g DEP kg-1 fw; acute toxicity of DEP to microorganisms, algae, 
invertebrates and fish varies between 10 and 130 mg l-1 (Colborn et al. 1993; Staples et 
al. 1997a, b; Zou and Fingerman 1997). Short contact time in the kinetic luminescent test 
and the effect of compost matrix on bioavailability of DEP may be the reasons for low 
toxic response in the luminescent bacteria test.  
We observed that DEP degraded efficiently in plant growth media during the 14 day 
plant growth test (Table 15). The concentration decreased to 64 g DEP kg-1 even in the 
sample containing the highest DEP concentration (100 g kg-1). Compost amendment has 
been shown to increase the degradation rate of phthalate acid esters such as di-n-butyl 
phthalate (DBP) and di-(2-ethyl hexyl) phthalate (DEHP) in soil (Chang et al. 2009). We 
demonstrated that composting also effectively reduces the amount of DEP used as a 
plasticizer in cellulose acetate film, as well as the amount of DEHP in sewage sludge 
(unpublished data, Paper V). There are many species within Sphingomonas,
Pseudomonas, Corynebacterium, Aureobacterium, Micrococcus, Actinomycetes,
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Arthrobacter, and Flavobacterium etc. which are capable of DEP degradation, and effi-
efficient biodegradation of DEP has been detected for example in soil, sludge -amended 
soil, compost and activated sludge (Cartwright et al. 2000a; Jianlong and Xuan 2004; 
Liang et al 2008; Suemori et al. 1993; Chauret et al. 1995). We found in our study that 
Actinomycetes, Sphingomonas and Pseudomonas groups emerged in compost media 
spiked with high DEP concentrations (Paper III). 
Table 15. Degradation and ecotoxicity of DEP in compost plant growth media (Paper III). 
Compost plant growth 
medium spiked with 
DEP g kg-1 fw 
Biodegradation 
(%) after 14 d 
Germination 
(%) of the 
control 
Plant growth (%) 
of the control 
0.01
0.1 
1
10
100
100%
100%
100%
99.8%
36%
90
95
88
28
0
97
96
76
8
0
Figure 6. Acute toxicity as inhibition (%) in light production (ISO 21338) in DEP-spiked 
compost medium before and after the plant growth test (Paper III). 
In our experiment, cellulose acetate containing 25% DEP as a plasticizer (Dexel S 200–
25 + UV, CA-DEP) was not biodegraded in controlled composting test (unpublished data). 
We tested the biodegradability of the material in two forms; milled and granular. Only 10% 
of granular CA-DEP and none of milled CA-DEP was biodegraded during a 70 day 
experiment. Milled CA-DEP reduced the microbial activity in compost; the amount of 
evolved CO2 was about 5% below the control compost levels. With the biotest we could 
also detect toxicity induced by both milled and granular CA-DEP in compost (Figure 7). 
We detected clear response in acute toxicity by the kinetic luminescent bacteria test 
throughout the controlled composting test. In samples collected after the composting we 
observed that plant growth of radish (Raphanus sativus) and barley (Hordeum vulgare)
was reduced especially in the compost with milled CA-DEP. Milled CA-DEP reduced the 
germination of radish to 70% of the control. Seedling growth of radish and barley were 
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reduced by 50% and 89%, respectively, by milled CA-DEP in the controlled composting 
test. Correspondingly, acute toxicity in the kinetic luminescent bacteria test decreases 
during composting in granular CA-DEP samples but not in milled CA-DEP samples. 
Figure 7. Ecotoxicity of milled and granular CA-DEP during the controlled composting 
test EN 14046. a) Inhibition in light production in the kinetic luminescent bacteria test 
(sample concentration in the test was 100 g fw l-1 b) Germination and seedling growth of 
barley and radish (1+1 compost and commercial growth media) after the biodegradation 
test. 
When disintegration of CA-DEP film (1% of the fresh weight) was studied in a 200 litre  
pilot-scale composting test (fruit and vegetable waste, bark, peat and wood chips), no 
toxic response was detected in the kinetic luminescent bacteria test or in the plant growth 
test. After the pilot composting, weight loss of the film was 27% in 91 days and the 
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amount of DEP in CA-film decreased from 25% to 2.5%. After the pilot composting we 
measured the acute toxicity in the kinetic luminescent bacteria test of the following milled 
cellulose acetate samples; CA without DEP, CA-DEP film and CA-DEP film residues after 
the pilot composting (unpublished data). CA-DEP was acutely toxic, with 55% inhibition in 
light production of Vibrio fischeri. However, the toxicity disappeared during the pilot scale 
composting experiment (Figure 8). Decrease in toxicity was due to degradation or 
leaching of DEP from the cellulose acetate film. Weight loss of CA-DEP (27%) film was 
mostly due to DEP degradation, whereas the amount of DEP in the tested film decreased 
from 25% to 2.5% and the amount of DEP in compost was below the detection limit of 1 
mg/kg. Non-toxic cellulose acetate served as a control in the toxicity test. This opens a 
possibility to evaluate the ecotoxicity directly from milled biodegradable materials. If 
toxicity emerges during biodegradation and is derived from biodegradation products, this 
approach in biotesting is not valid. 
Figure 8. Inhibition% in light production of Vibrio fischeri in the kinetic luminescent 
bacteria test measuring acute toxicity of cellulose acetate (CA) and cellulose acetate film 
with 25% DEP (CA Dexel S 200–25 milled) before and after composting. 
4.1.4 Performance and safety of biodegradable mulching films in agriculture 
Low tunnel and mulching films are used in agriculture in order to control weeds, conserve 
water, limit the use of fertilizers and plant protection chemicals, provide a better 
microenvironment for plants to increase the yield and quality of horticultural products and 
to protect plants against adverse climate conditions (Briassoulis 2006 and 2007; Kyrikou 
and Briassoulis 2007). Low-density polyethylene (LDPE) films are commonly used in 
agriculture as coverings for greenhouses or low tunnels and for soil. However, compared 
to LDPE films, biodegradable films have many advantages in agricultural applications. In 
contrast to conventional mulching film that must be collected from the field after use, 
biodegradable mulching films can be ploughed into the soil at the end of the crop cycle. 
Due to the possibility to save working hours, farmers are highly motivated to use 
biodegradable materials such as mulching films for agriculture (Fritz et al. 2003). 
However, these materials should be compatible with conventional products in relation to 
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crop production and quality and in addition degradation residues and metabolites should 
not accumulate in the soil or be toxic. In our field study on biodegradable starch-based 
low tunnel and mulching films in strawberry cultivation, the studied materials showed 
good product performance, quality of the strawberries produced was good and the yield 
was high, with no detectable negative effects on the environment (Paper IV, Figure 9).  
Figure 9. Field scale experiment of low tunnel and mulching film performance in 
protected strawberry cultivation in Italy.  
The useful lifetime of the studied biodegradable films, 9 months for mulching films and 6 
months for low tunnel films, was sufficient for strawberry (Fragaria sp.) cultivation in the 
Mediterranean area (paper IV). Previously, similar types of Mater-Bi-based films have 
lasted from 2 to 5 months in the field (Schettini et al. 2007). Kraft paper impregnated with 
vegetable oil-based resins withstood field conditions for shorter periods of time, only 8–12 
weeks (Shogren 2000). 
The mulching films studied in our field experiment were opaque to the PAR radiation 
(400–700 nm) necessary for photosynthesis and inhibited weed growth as well as LDPE 
film (Figure 3 in Paper IV). Transmissivity of the film affects the microclimate under low 
tunnels. In our study biodegradable films maintained a higher air temperature under low 
tunnels compared to LDPE films. Due to the very low long wave infrared radiation (LWIR) 
transmissivity coefficient of studied biodegradable low tunnel films, minimum 
temperatures during the night were more than 2 ºC higher under biodegradable low 
tunnel films (L1 and L3) than under LDPE film (L0). Thus, the microclimate established 
under biodegradable low tunnel films favoured strawberry plant growth, increased the 
yield and resulted in earlier harvesting when compared to LDPE film (L0) (Paper IV).  
After the cultivation period all low tunnel films and LDPE mulching film were collected 
and transferred from the field. Biodegradable mulching films together with strawberry 
plants were tilled into the soil (Paper IV). Environmental conditions such as temperature, 
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soil water content and amount of oxygen as well as properties of the polymer affect the 
degradation rate of mulching films in soil (Briassoulis 2007; Kyrikou and Briassoulis 
2007). We observed that microbial activity in soil was highest at the time of tillage, when 
the amount of polymer in the soil was also at its highest. Microbial activity decreased 
during degradation of the polymers, and after 12 months only low microbial activity was 
detected, and only 4% of the films were detectable in soil. Similar degradation rates in a 
laboratory scale soil burial test have been reported for mulching films made of poly(3-
hydroxybutyrate) (PHB) and an aliphatic polyester Sky-Green® (Kim et al. 2000) and in 
field scale experiments with starch-based biodegradable film (Mater-Bi) (Briassoulis 2007; 
Schettini et al. 2007).  
We did not observe any indication of acute toxicity in the kinetic luminescent bacteria 
test or in the survival and reproduction of Enchytraeidae during the degradation of 
mulching films in soil (Figures 7 and 8 in Paper IV). However, we detected an increase in 
light production of V. fischeri in soil samples taken one month after mixing the mulching 
film into the soil. At that time 44% of the initial weight of the polymer and plant residues 
was still present in the soil. This phenomenon has previously been reported in compost 
samples containing available nutrients and carbon source (Kapanen and Itävaara, 2001, 
Kapanen et al. 2009). In our test field, where the amount of organic matter was very low, 
buried plant residues and biodegradable film served as organic substrate for soil 
microorganisms and soil fauna and also provided better conditions for reproduction of 
Enchytraeidae. One month after tillage the reproduction of Enchytraeidae was slightly 
higher in the soil with biodegradable mulching film than in the control soil without the 
polymer. High organic matter content in soil might favour Enchytraeidae (Palojärvi et al. 
2002). Fritz et al. (2003) demonstrated that earthworms are also capable of consuming 
and digesting undegraded organic matter and benefit from residues of biodegradable 
polymers in soil. This might mask the possible toxic response and the authors concluded 
that earthworms would not be a suitable test organism for testing the ecotoxicity of 
biodegradable polymers. 
This study showed that the studied biodegradable films have the required 
functionalities for use in protective cultivation: good radiometric properties, prolonged 
lifetime, reasonable degradation properties after soil burial and no indication of 
ecotoxicity. However, in this field scale experiment the amount of the polymer mixed into 
the soil was relatively low. Therefore it is recommended in addition to the field scale tests 
to study the ecotoxicity of biodegradable polymers in laboratory scale experiments with 
higher polymer concentration.  
4.1.5 Microbial diversity as an indicator of environmental health 
Changes in biodiversity and microbial functional stability are good indicators of soil health 
(Bécaert and Deschênes 2006). In addition, ecotoxicity assessment of the compost 
environment may profit from the information gained from the bacterial community studies, 
as was suggested for soil remediation experiments (Stephen et al. 1999a, 1999b; 
MacNaughton et al. 1999). We applied a microbial ecological approach in two of the 
cases presented in this thesis. Ammonia oxidizing bacteria (AOB) diversity was used as a 
marker for soil quality in a field scale experiment with biodegradable mulching films 
4. Results and discussion
 61 
(Paper IV) and the effects of DEP in compost growth media (Paper III) were observed as 
the bacterial community response. 
In our study buried biodegradable mulching films did not affect the diversity of 
ammonia oxidizing bacteria (AOB) in soil and did not have negative effects on microbial 
functions in soil (Paper IV). One major band (band 1 in Figure 10) dominated the PCR-
DGGE profile of the functional amoA gene throughout the whole cultivation and mulching 
film degradation periods. We sequenced a total of seven bands but none of the 
sequenced bands could be identified to the species level. Accordingly, Phillips et al. 
(2000) found no change in community structure of ammonia oxidizing bacteria (AOB) in 
relation to agricultural practice. By contrast Norton et al. (2002) reported differences in 
AOB diversity among agricultural soils treated with nitrogen fertilizers, composted dairy 
waste or liquid dairy waste.  
Figure 10. PCR-DGGE profiles of ammonium oxidizer communities in soil samples from 
M0-L0c (non-biodegradable black mulching film with transparent non-biodegradable low-
tunnel film), M1-L0c (black biodegradable mulching film with transparent non-
biodegradable low-tunnel film) and M1-L1c (black biodegradable mulching film with 
transparent biodegradable low-tunnel film) blocks at the start of the field experiment, 1 
month after tillage and 1 year after tilling the films into the soil. Sequenced bands are 
marked as 1–7 (two replicates/test block) (Paper IV).  
We observed through PCR-DGGE profiling that the bacterial community in the compost 
changed at the same concentrations of DEP that were found to be toxic in the single-
species toxicity tests (Paper III). Based on the PCR-DGGE profile, it was shown that low 
DEP concentrations did not change the bacterial community. At a concentration of 10 g 
DEP kg-1 in compost growth medium, DEP did induce changes in bacterial community 
structure and several strong bands emerged. At very high DEP concentration, 100 g DEP 
kg-1, the original broad diversity of bacteria was reduced to only about 10 major species, 
including those species which emerged in the 10 g DEP kg-1 sample (Figure 10). Several 
of these induced species, belonging to the genera Actinomycetes, Sphingomonas and 
Pseudomonas, are known to be able to degrade DEP (Liang et al 2008; Fang et al. 
2007). In addition to the induction of species capable of degradation, suppression of 
diversity can also be driven from toxicity to other microorganisms. The same 
concentration level of DEP causing changes in microbial diversity was found to be acutely 
toxic in the kinetic luminescent bacteria test and also reduced plant growth (Table 6, 
Table 15). Most probably, in our test setup both activated degradation and toxicity of DEP 
had an effect on the microbial community dynamics. At a concentration of 10 g DEP kg-1,
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diversity changed due to activated degradation and at 100 g DEP kg-1, toxicity of DEP 
and its degradation products decreased the diversity. However, the degradation product 
of DEP, monoethyl phtahalate (MEP), has been reported to be less toxic than DEP 
(Jonsson and Baun 2003).  
4.2 Biotests in ecotoxicity assessment of sewage sludge and 
sewage sludge-based compost 
We studied the amounts of the following organic contaminant concentrations in municipal 
sewage sludge samples derived from waste water treatment plants in Finland and their 
reduction in a composting process: absorbable organic halogens (AOX), linear 
alkylbenzene sulphonates (LAS), nonylphenols and nonylphenolethoxylates (NP and 
NPE), di-ethylhexylphthalate (DEHP), polyaromatic hydrocarbons (PAH), polychlorinated 
biphenyls (PCB) and polychlorinated dibenzo-p-dioxins and -furans (PCDD/F) (Paper V). 
Compared to the previously reported concentrations in Finland, in Europe or draft limit 
values set in the Working Document on Sludge and Biowaste (WD 2010) presented in 
Table 16, the overall levels of organic pollutants in sewage sludges or composted sewage 
sludges in our study were not alarming. The level of organic pollutants present in Finnish 
sewage sludge was mainly influenced by the source of the waste water and especially the 
share of industrial waste water treated (Table 16, Vikman et al. 2006). A similar 
conclusion was reached by Natal-da-Luz et al. (2009) when they studied the toxicity of 
industrial and municipal sewage sludges amended with soil. In our study, the proposed 
limit values in WD 2000 and WD 2010 were exceeded in the case of DEHP, with a 
concentration of 110 mg kg-1 dw in one of the studied sewage sludge samples. In addition 
the PAH (SUM9) concentration (5.8 mg kg-1 dw) was very close to the limit value of 6 mg 
kg-1 dw set in WD 2000 and WD 2010. 
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It is important to reduce the environmental load of organic contaminants through 
use of sewage sludge -based products targeted for example to agricultural or 
landscaping purposes. Successful reduction of organic contaminants in sewage 
sludge through composting has been reported by Amundsen et al. (2001), Moeller 
and Reeh (2003), Marttinen et al. (2004), Amir et al. (2005) and Oleszczuk (2010). 
Of the studied organic contaminants, PAH and DEHP have high affinity to organic 
matter, having nevertheless a good potential for biodegradation during the 
composting process (Jensen and Jepsen, 2005). In our pilot-scale composting 
experiment there was a substantial decrease in the amount of both PAH and 
DEHP after 124 days of composting, 84% and 56%, respectively (Figure 11). 
Moeller and Reeh (2003) reported a PAH removal rate of 70% after 25 days of 
composting. Compared to our pilot-scale composting, similar degradation levels 
for DEHP, from 34 to 64% have been published by Amundsen et al. (2001) and 
Marttinen et al. (2004). For DEHP even higher reduction rates of 85% and 93% 
have been reported (Poulsen and Bester 2010; Cheng et al. 2008). Degradation 
efficacy is affected by type of sludge, original concentration of organic 
contaminant, and temperature during the composting process (Amir et al. 2005; 
Oleszczuk 2010). For example increasing the temperature from 55 ºC to 65 ºC 
increased the DEHP degradation from 69% to 91% in a 25-day composting 
experiment by Moeller and Reeh (2003). In our study the maximum temperature 
detected during composting was 65 ºC. We measured corresponding or even 
lower concentrations of PAH and DEHP in industrial scale compost compared to 
those in our pilot composting experiment (Table 16).  
Many anionic surfactants such as LAS, non-ionic surfactants such as NPE and 
cationic surfactants have been found to be biodegradable in the aerobic 
environment (Ying 2005). Compared to the degradation rate of PAH and DEHP, 
degradation of LAS and NP/NPE was very efficient in the beginning of our 
composting experiment. Similar reduction rates as well as concentration levels for 
LAS (92%, < 50 mg kg-1 dw) and NPE (61%, 2.6 mg kg-1 dw) to those reported by 
us have been published by Amundsen et al. (2001) and Moeller and Reeh (2003).  
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Figure 11. Removal (%) of LAS, NP, NPE, DEHP and PAH in pilot scale sewage 
sludge composting. 
In our study we showed that biotests can be used in sewage sludge and 
composted sewage sludge quality assessment (Paper V). We evaluated the 
ecotoxicity of two different types of sewage sludge samples by measuring acute 
toxicity with the kinetic luminescent bacteria test with Vibrio fischeri (ISO 21338), 
genotoxicity by the Vitotox® test kit and endocrine-disruptive activity and dioxin-
like activity with yeast cell bioreporters. The studied sewage sludges were treated 
by anaerobic digestion but differed from each other in the share of industrial waste 
water treated at the waste water treatment plant from which the samples 
originated from. This led to differences in the load of organic contaminants in the 
sewage sludge (Table 1 in paper V). It is challenging to link the amount of 
contaminants in sewage sludge or in compost to toxic response in biotest (la Farré 
et al. 2001; Perez 2001; Oleszczuk 2010). However, with the biotests applied in 
our study we could separate the studied sewage sludge samples into more and 
less toxic one and reduction of toxicity during composting could also be detected 
by biotests. Toxicity of sewage sludge is highly dependent on the source of the 
treated waste water (Natal-da-Luz et al. 2009). Accordingly we observed that 
acute toxicity in the luminescent bacteria test was higher and genotoxicity was more 
evident in sewage sludge with a higher organic contaminant load from the 
wastewater treatment plant (Table 4 and 5 in Paper V). In order to link the toxicity 
response to a specific compound, chemical fractionation is needed. After chemical 
fractionations sewage sludge toxicity revealed by the luminescent bacteria test 
has been linked to the presence of NPE and NP (la Farré et al. 2001) or PAH 
(Perez 2001). In our study the fractionation approach was not exploited. However, 
an additional DMSO extraction step before the kinetic luminescent bacteria test 
increased bioavailability of the contaminants and also increased the detected 
toxicity.  
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Many of the chemicals such as NP, bisphenol-A, dibutylphthalate (DBP) and 
DEHP also found in sewage sludge have endocrine disrupting properties (Harrison 
et al. 2006; Fromme et al. 2002). Using the yeast cell bioreporter we observed that 
both studied sewage sludge samples did have relatively high oestrogenic and 
androgenic activities, as well as dioxin-like activity (Table 5 in Paper V). Similar 
oestrogenic and androgenic potencies in sludge and sewage were detected with 
ER-Calux, yeast oestrogen screen and in vitro competitive receptor binding assay 
by Murk et al. (2002) and Leusch et al. (2006). Dioxin-like activity observed was 
related to the presence of polyhalogenated persistent organic pollutants (POP), 
such as polychlorinated dibenzo-p-dioxins (PCDDs), dibenzofurans (PCDFs), 
biphenyls (PCBs) and diphenyl ethers found in sewage sludge. 
We demonstrated that acute toxicity, genotoxicity, endocrine disruption 
potential and dioxin-like activity of sewage sludge can be reduced by composting. 
Biodegradation of organic pollutants derived from municipal sewage sludge was in 
relation to the reduction in ecotoxicity response. Figure 12 demonstrates the 
decrease in the amount of PAHs (both according to EPA-PAH and WD 2010) 
during composting, along with the corresponding acute toxicity. The limit value, 2 
mg kg-1 dw, proposed for benzo[a]pyrene in WD (2010) was not exceeded in our 
sewage sludge samples or in any of the compost samples studied. Acute toxicity 
of compost (slurry) decreased according to the decrease of the measured PAH 
concentrations during 124 d of composting. Compost samples extracted with 
DMSO induced high acute toxicity in the luminescent bacteria test. The observed 
toxicity could be due to the presence of some degradation products or humic 
substances extracted with DMSO. In agreement with the fact that we 
demonstrated with the yeast bioreporter that composting reduces the oestrogenic 
and androgenic potencies of sewage sludge, Hernandez-Raguet et al. (2007) 
showed a decrease in oestrogenic activity of NP-spiked sewage sludge by MELN 
bioassay after aerobic sewage sludge treatment. In addition, the activated sludge 
process has been shown to decrease the oestrogenic and androgenic potencies of 
waste water (Leusch et al. 2006).  
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Figure 12. Changes in PAH concentrations (bars) during the pilot composting 
experiment and acute toxicity (ISO 21338) (lines) after 30 minutes exposure to 
water or DMSO extracts of sewage sludge (0 d) and compost after 26 d and 124 d 
of composting. 
Based on our experience the luminescent bacteria test was a suitable biotest for 
sewage sludge and compost acute toxicity assessment. On the other hand, with 
the Vitotox™ test measuring genotoxicity we faced problems with sewage sludge 
and compost samples. The test organism Salmonella typhimurium TA104 recN2-4 
strain might lose its sensitivity in the presence of nutrients in the sample under 
study. Yeast bioreporter gave interesting results concerning the oestrogenic and 
androgenic potencies and dioxin-like activity present in sewage sludge and 
compost. However, the high toxicity of the bark/peat mixture (i.e. one of the 
compost components) to the yeast S.cerevisiae might bring constraints to the use 
of this test with compost samples. In addition, while the maturity of compost is 
known to affect the biotest response it is not feasible to measure the ecotoxicity of 
compost samples in very immature phase (Itävaara et al. 2002b). In order to avoid 
false positive responses in biotests, it is very important, in addition to the 
ecotoxicity evaluation, to measure the maturity state of the compost sample. 
4.3 Feasibility of ecotoxicity tests for biodegradable 
materials in compost and in soil 
In our study we demonstrated many successful approaches for ecotoxicological 
assessment of biodegradable materials in compost and in soil. It was shown that it 
is very beneficial to combine end point information from the ecotoxicity tests, 
biodegradability monitoring data and data on the released degradation products. 
In addition, combining observations of microbial community changes into the 
potential toxicity effects detected with biotest during degradation process, more in-
depth representation of environmental impact of studied materials can be 
4. Results and discussion 
68
recovered. Methods in molecular biology are developing rapidly and hopefully this 
progress will enable more extensive use of molecular methods in context of 
ecotoxicity assessment. It will be most interesting to see how microbial community 
responses to toxic substances will contribute to environmental impact assessment 
in the future. Furthermore, test environment and test scale have an effect on the 
final results. At the laboratory scale, the test concentrations of the material are 
high and enable the identification of potential degradation products and their 
ecotoxicity. However, when conducting field experiments, it is important to realize 
the link between the functionality and performance of biodegradable materials in 
relation to the amount of potential exposure and effects. For example 
biodegradable polymers in soil have to biodegrade in specified time frame or 
amount of sewage sludge applied on land is dependent on its nutrient 
composition.  
The ecotoxicity test battery for compost, sewage sludge and soil toxicity 
assessment should include biotests with organisms from several trophic levels. 
There are several standard tests available for soil ecotoxicity assessment covering 
a variety of species from plants and soil fauna to soil microorganisms. However, 
there are no standard tests available specifically for evaluation of compost or 
sewage sludge ecotoxicity. Some of the soil ecotoxicity tests have also been 
recommended for assessing ecotoxicity of compost environment e.g. seedling 
emergence and growth (OECD 208), tests with soil fauna (e.g. ISO 11267, ISO 
16387, ISO 11268), kinetic luminescent bacteria test (ISO 21338) and ammonium 
oxidation assay (ISO 15685) (Kapanen and Itävaara 2001; Juvonen et al. 2000; 
Domene et al. 2011). Due to the potential application of compost or sewage 
sludge as a soil improver or fertilizer it is self-evident that effect on plants plays on 
important role in their applicability. In our experiments compost samples tested in 
plant assays were mature (Papers II, III and unpublished data) and in the field 
scale experiment with biodegradable mulching materials, soil was well 
characterized. However, it is good to acknowledge, that immature compost or 
active degradation in soil may cause negative impacts on plant growth (Itävaara et 
al. 200b; Fritz et al. 2003). Furthermore, Juvonen et al. (2000) indicated in their 
study that soil animals and luminescent bacteria were also sensitive towards 
compost immaturity. In addition, compost matrix itself has shown to affect 
Enchytraeidae reproduction if the share of compost is too high in the test media. 
To exclude false positive results, the suitable mature compost standard soil ratio in 
test media in Enchytraeidae test has been reported to be 4:5 (v:v) (Kapanen et al. 
2009). In our experiment the test environment for Enchytraeidae was agricultural 
soil with low organic matter content (Paper IV). However, an increase in organic 
matter due to introduced biodegradable material in soil might induce the growth of 
soil fauna and hide potential toxic response (Palojärvi et al. 2002, Paper IV). 
Luminescent bacteria test has been widely used for testing acute toxicity of 
chemicals and environmental samples including soils, sewage sludge and 
compost (Table 8 and 9). Kinetic modification of the luminescent bacteria test has 
improved the applicability of the test for solid and colourful samples. This method 
may be successfully used for compost, sewage sludge and soil ecotoxicity 
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assessment bearing in mind that with compost samples tested should be mature 
and samples with high nutrient and organic carbon concentration may induce the 
light production of the test organism (Papers I, II, III, IV and V).  
In addition to the immaturity or high microbial activity, other compost 
characteristics such as a high amount of nutrients or the presence of bark and 
peat was shown to generate problems when biotests were applied in ecotoxicity 
assessment of compost matrix. Sensitive test organisms such as genetically 
modified Salmonella in applied genotoxicity assay lost its sensitivity due to high 
amount of nutrients in the sample (V). The presence of bark and peat in the tests 
with yeast bioreporter reduced viability of the test organisms and therefore 
reduced sensitivity and in the worst case prevented the use of the test (V). Based 
on our study recommendations for suitable tests and their limitations in assessing 
ecotoxicity of soil, compost and sewage sludge are presented in Table 17. 
We have learned that it can be challenging to differentiate the toxicity caused 
by the compost matrix itself from toxicity derived from the treated material e.g. 
contaminated soil or biodegradable plastic. This challenge is due to the sensitivity 
of the test organisms to e.g. oxygen depletion, organic acids naturally present in 
compost, nutrients, and compost components such as bark and peat. Therefore it 
is recommended to use all available data e.g. compost maturity, microbial activity, 
amount of organic matter and nutrients of samples to be tested for ecotoxicity to 
ensure that the most suitable test is selected for environmental hazard 
assessment and possibility for false positive and false negative results are 
minimized. In addition, when possible, follow the degradation process, and do the 
sampling in course of the degradation process to be able to identify degradation 
products and study their potential ecotoxicity.  
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5. Conclusions  
Due to increased use and development of biodegradable materials there is 
increasing pressure to ensure their safety in recycling and waste treatment 
processes. Reliable methods are needed to assess the environmental safety of 
biodegradable materials. Chemical analysis of harmful compounds from the 
environment is challenging. Chemical analysis may fail in the detection of 
potentially harmful compounds in the studied environment due to restricted extent 
of the chemical analysis performed, lack of appropriate methods, or synergistic 
effects of mixed contamination. In the present work we demonstrated that the 
biotest can be used to evaluate environmental toxicity of compounds released or 
formed during biodegradation processes. However, the characteristics of the 
studied environment must be taken into account in order to be able to eliminate 
possible false positive signals of toxicity induced by the test environment, e.g. 
compost and sludge. 
There are several standardized methods for evaluation of biodegradability of 
biodegradable plastics and chemicals in the environment and in waste treatment 
processes. In addition, necessary biodegradability characteristics can be tailored 
for materials targeted to different environmental applications or waste treatment 
options. We observed good degradation properties of bioplastics designed for 
agricultural applications as well as of materials targeted to compost applications. 
Biodegradability of chain-linked lactic acid-based polymers and polyurethane-
based plastic material was confirmed in controlled composting conditions. The 
studied starch-based biodegradable mulching films showed good product 
performance, good crop quality and high yield in protected strawberry cultivation. 
Furthermore, in the case of starch-based biodegradble mulching films no negative 
effects on the soil environment were detected with the applied biotests. If 
ecotoxicity is studied in the field scale, it is recommended that laboratory scale 
experiments are also carried out with higher polymer concentrations than are 
possible to attain in real life conditions. 
Whereas the evaluation of biodegradability is well covered, there is a need for 
more precise information on ecotoxicity of biodegradable polymers, their additives 
or degradation products. Biotests applied in this study indicated the potential risks 
due to release of toxic compounds during biodegradation processes. When the 
kinetic luminescent bacteria test was used as a screening test for ecotoxicity of 
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polymer components and their degradation products, HMDI, HMDA, MDA and 
DEP were identified as hazardous compounds that could potentially cause risks 
when released during polymer degradation processes in the environment. The 
kinetic luminescent bacteria test was sufficiently sensitive to identify toxicity of 
MDA released from an experimental biodegradable plastic in a controlled 
composting test performed in vermiculite, but not in compost media. Vermiculite as 
a testing environment enabled detection of the toxicity of the released toxic 
metabolites. With biotests we also verified that 1,6-hexamethylene di-isocyanate 
(HMDI) was indirectly responsible for toxicity detected during the degradation of 
poly(ester-urethanes). HMDI, which is frequently used in urethane chemistry and 
as a connecting agent in different polymers, should not be used as a structural unit 
in biodegradable polymers because of the environmental risk. In contrast, biotests 
clearly showed that poly(esterurethane), in which lactic acid prepolymers were 
chain linked with 1,4-butane di-isocyanate, did not exhibit any ecotoxicological 
effect, and neither did poly(ester-amide) or poly-(lactide).  
DEP that is used as a plasticizer is an acknowledged endocrine disruptive 
substance and therefore it is important to understand its fate in the environment. In 
addition to its endocrine disruptive properties, DEP concentrations from 1 to 100 g 
kg-1 induce acute toxicity, reduce plant growth and also affect the microbial 
diversity when present in compost plant growth media. Changes observed in 
microbial community in DEP -spiked compost media originate from the role of DEP 
as a carbon source for microbes, or from the toxicity of DEP to microbes in the 
highest tested concentrations. During the composting of cellulose acetate with 
DEP as a plasticizer, DEP is released from the polymer to the compost. In 
controlled composting test conditions in which the concentration of the tested 
polymers is high, a clear toxic response can be detected by biotests. However, in 
a pilot scale composting experiment the released DEP degraded during the 
experiment and no toxicity was detected in the end product.  
Sewage sludge may contain high amounts of different contaminants, both 
organic and inorganic. In addition to the chemical analysis, the benefit of biotests 
in quality assessment of sewage sludge and composted sewage sludge could be 
high. Biotest can be used as an indicator for potential risk for example when 
sewage sludge-based-products are targeted to agricultural or landscaping 
applications. We detected acute toxicity, genotoxicity and elevated endocrine 
disruption and dioxin-like activity in sewage sludges from plants treating higher 
amounts of industrial wastewaters, which also contained the highest loads of 
organic contaminants. With composting, the amounts of the organic contaminants 
DEHP, PAH, LAS, and NPs in sewage sludge can be reduced efficiently. In 
addition, composting results in reduction in acute toxicity, genotoxicity and 
endrocine-disruption potential of the sewage sludge.  
It can be concluded that biotests do provide beneficial information concerning 
polymer safety during the design, recycling, and disposal life stages of the 
biodegradable materials. There are promising possibilities but also some 
limitations in the performance of different biotests when studying the ecotoxicity of 
biodegradable materials during the biodegradation processes in compost and soil 
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environments. Advantages of biotests in the examination of compost quality are 
clear. Even when there is no evidence based on chemical analysis of hazardous 
amounts of toxic chemicals, biotests may show evidence of toxicity as was 
observed in the laboratory scale composting test during the PEU1%H and 
PEU4%H biodegradation. Of the applied biotests in this study, the kinetic 
luminescent bacteria test and plant growth assay were good methods for 
measuring ecotoxicity of biodegradable polymers and sewage sludge and 
products derived therefrom in compost and in soil environments. The kinetic 
luminescent bacteria test is especially designed for colourful samples and is 
therefore well suited for testing the toxicity of compost, sewage sludge and soil 
samples. However, care must be taken in the interpretation of the ecotoxicity test 
results. With the luminescent bacteria test, additional carbon source and nutrients 
present in the sample may activate the light production of Vibrio fischeri and slight 
signals for toxicity could be hidden. VitotoxTM 10Kit as an indicator of genotoxicity, 
and yeast bioreporter for detecting endocrine disruptive activity, were not ideal for 
evaluation of the quality of compost or sewage sludge samples due to high 
amounts of nutrients and bark/peat in the studied samples. In addition, when 
Enchytraeidae tests are conducted in soils during the active polymer degradation 
phase, reproduction of Enchytraeidae is favoured by high organic matter content 
during polymer degradation in soil. Furthermore, with compost samples it is most 
important to take into account the stage of maturity in order to be able to avoid 
false positive results in ecotoxicity testing. One biotest is never sufficient for 
evaluating the environmental toxicity of biodegradable materials; therefore we 
recommend using biotests covering more than one end point and trophy level, and 
carefully evaluating the suitability of biotests applied with regard to the studied 
environment. 
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Biodegradable plastics, either natural or synthetic polymers, can be 
made from renewable or petrochemical raw materials. The most 
common applications for biodegradable plastics are packaging 
materials and waste collection bags. The one thing in common for all 
biodegradable items is that at the end of their life cycle they should 
degrade into harmless end products, during a speciﬁed time frame. 
Depending on the target application, the degradation may take place in 
soil, in water, in an anaerobic digestion plant or in compost. In addition 
to its use as a waste treatment process for biodegradable plastics, 
composting can be used in the removal of organic contaminants from 
sewage sludge. Due to mixed contamination present in soil, in compost, 
or in sewage sludge the environmental impact of biodegradable 
materials is difﬁcult to assess based only on concentrations of chemical 
constituents. Therefore, biotests are needed for detecting potential risks 
derived from the use of biodegradable materials in environmental 
applications. 
    Potentials and also limitations were recognized in the performances 
of different biotests when studying the ecotoxicity of biodegradable 
materials during biodegradation processes in compost and in soil 
environment. With biotests it was possible to identify potential hazardous 
polymer components or degradation products that might be released 
to the environment during the degradation. In addition, the biotest could 
be used to monitor the detoxiﬁcation of sewage sludge during the 
composting process. However, soil, compost and sludge as testing 
environments do set limitations for the use of biotests. Colour, amounts 
of nutrients, additional carbon sources, presence of bark and peat, 
compost immaturity, and high microbial activity are some of the factors 
limiting the use of biotests or complicate interpretation of the results.
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